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Abstract

The recent discovery of ADAMTS-5 as the major
aggrecanase in mouse cartilage came as a surprise. A great
deal of research had focused on ADAMTS-4 and much
less was known about the regulation, expression and activity
of ADAMTS-5. Two years on, it is still not clear whether
ADAMTS-4 or ADAMTS-5 is the major aggrecanase in
human cartilage. On the one hand there are in vitro studies
using siRNA, neutralising antibodies and immuno-
precipitation with anti-ADAMTS antibodies that suggest
a significant role for ADAMTS-4 in aggrecanolysis. On
the other hand, ADAMTS-5 (but not ADAMTS-4)-deficient
mice are protected from cartilage erosion in models of
experimental arthritis, and recombinant human ADAMTS-
5 is substantially more active than ADAMTS-4. The activity
of both enzymes is modulated by C-terminal processing,
which occurs naturally in vivo. The most interesting finding
to emerge from our comparison of ADAMTS-5 and
ADAMTS-4 is that in terms of gene regulation, these two
enzymes are the antitheses of each other. In most cases,
ADAMTS-5 is constitutively expressed in human
chondrocytes and synovial fibroblasts, whereas ADAMTS-
4 expression is induced by proinflammatory cytokines. This
paper reviews the data on ADAMTS-5 so far. It represents
a snapshot in time of a field that is fast-moving and very
exciting.
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List of abbreviations

ADAM A disintegrin and metalloproteinase
ADAMTS A disintegrin and metalloproteinase with

thrombospondin motifs
CS Chondroitin sulphate
CS-2 Second chondroitin sulphate domain
G1 First (N-terminal) globular domain of

aggrecan
G2 Second (N-terminal) globular domain of

aggrecan
IGD Interglobular domain of aggrecan
KS Keratan sulphate
MMP Matrix metalloproteinase
TIMP Tissue inhibitor of matrix metalloproteinase
TS Thrombospondin
α2M α2-Macroglobulin

Introduction

ADAMTS-5 is an important aggrecanase that cleaves at
key sites in the aggrecan core protein, in healthy and
diseased cartilage. By the mid 1980s it was apparent that
during aggrecanolysis, the aggrecan core protein was
cleaved close to the G1 globular domain by an unknown
“aggrecanase”, to release the majority of the aggrecan
molecule from the cartilage matrix (Campbell et al., 1986;
Ratcliffe et al., 1986). These early results were from
explant culture experiments and came at the same time
that the aggrecan G1 and G2 globular domains were
identified by rotary shadowing electron microscopy
(Paulsson et al., 1987) and peptide sequencing (Perkins
et al., 1989). In 1991 a novel glutamyl endopeptidase
activity was identified; it cleaved the aggrecan core protein
at several sites, but most notably at the E373 374A bond in
the aggrecan interglobular domain (Ilic et al., 1992;
Loulakis et al., 1992; Sandy et al., 1991). This was an
exciting discovery because aggrecan fragments resulting
from cleavage at the E373 374A site were simultaneously
identified in synovial fluids from osteoarthritic, joint
injury and inflammatory joint disease patients (Lohmander
et al., 1993; Sandy et al., 1992). The findings prompted
vigorous research efforts to identify the aggrecanase, and
in 1999, after a few false starts that revealed aggrecanase
activity in MMP-8 (Arner et al., 1997; Fosang et al., 1994)
and MMP-14 (Büttner et al., 1998), an enzyme cloned
from bovine articular cartilage was revealed as
aggrecanase-1 (ADAMTS-4) (Tortorella et al., 1999). This
finding was closely followed by the identification of
aggrecanase-2 (ADAMTS-5) (Abbaszade et al., 1999).
Because ADAMTS-4 is upregulated by inflammatory
cytokines in joint tissues (Bau et al., 2002; Curtis et al.,
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2000; Koshy et al., 2002; Little et al., 2002; Moulharat et
al., 2004; Tortorella et al., 2001; Yamanishi et al., 2002),
much work on the characterisation, activation and
regulation of ADAMTS-4 followed. It was therefore a
surprise when, in 2005, ADAMTS-5 was revealed as the
principal aggrecanase in mouse cartilage (Glasson et al.,
2005; Stanton et al., 2005); whether it is the principal
aggrecanase in human cartilage remains unclear. This paper
reviews the literature on ADAMTS-5, focussing on its role
in joint tissues. Other excellent reviews on ADAMTS
proteins can be found elsewhere (Flannery, 2006; Jones
and Riley, 2005; Kaushal and Shah, 2000; Nagase and
Kashiwagi, 2003; Porter et al., 2005).

Structural Domains of ADAMTS-5

The ADAMTS proteins are a family of zinc-dependent
enzymes within the metzincin family of metalloproteinases
(Bode et al., 1995; Gomis-Ruth, 2003; Hooper, 1994; Tang,
2001). ADAMTS proteins comprise an N-terminal
prodomain, a catalytic domain, a disintegrin domain, one
or more thrombospondin (TS) motifs, a cysteine-rich
domain and a spacer domain of variable length (Jones and
Riley, 2005; Porter et al., 2005). ADAMTS-5 (Fig. 1) is
one of the shorter members of the family, having only two
TS motifs, and ADAMTS-4 is the shortest member with
one TS motif.

Although some ADAMTS enzymes including
ADAMTS-7, -9 and -13, are active with their prodomains
intact (Koo et al., 2007; Majerus et al., 2003; Somerville
et al., 2004), full length ADAMTS-5 is thought to be an
inactive zymogen that is activated by removal of its

prodomain by furin or furin-like enzymes. The prodomain
of human and mouse ADAMTS-5 contains three potential
furin recognition sites (Hurskainen et al., 1999) within a
multibasic sequence 258RRRRR262 (Fig. 1) and although
the predicted activating cleavage at R262 263S is detected
in an in vitro expression system (Zeng et al., 2006),
activation by cleavage at this site has not been confirmed
in vivo. Whether proprotein convertases other than furin
can activate ADAMTS-5 and whether removal of the
prodomain is required for its secretion has yet to be
resolved (Wang et al., 2004a).

The ADAMTS-5 active site (HEIGHLLGLSH)
conforms to the consensus sequence, HEBxHxBGBxH,
where H (histidine) represents strictly conserved zinc
ligands and B represents bulky apolar residues. The
conserved methionine residue located 19 amino acids C-
terminal to the third histidine, forms the ‘met-turn’
characteristic of the metzincin family (Gomis-Ruth, 2003).
The crystal structure of the ADAMTS-5 catalytic domain
has been determined to 0.14nm resolution in the presence
of a pan metalloprotease inhibitor (Shieh et al., 2007). The
structure reveals that in addition to the zinc binding site,
ADAMTS-5 contains two calcium binding sites critical
for maintaining the structural integrity of the protein. One
site is occupied by a single calcium ion and the other
contains two calcium ions in a calcium cluster, not
previously reported for other metalloenzymes (Shieh et
al., 2007). The overall fold of the catalytic domain
resembles other metalloproteinases, but the shape of the
substrate-binding site is unique. This unique binding site
suggests that ADAMTS-5 recognises different substrate
motifs than MMP, ADAM and other ADAMTS enzymes.

Figure 1. The domain structure and features of ADAMTS-5. The schematic (adapted from Gendron et al. (2007))
shows the composition of the structural motifs in human ADAMTS-5. The theoretical Mr and the number of amino
acids, cysteine residues and glycosylation sites are shown for each domain. Sites for furin cleavage, heparin binding
and HA binding are shown. Human and mouse ADAMTS-5 are 89% identical at the amino acid level. They are
located on chromosomes 21 and 16 respectively (Hurskainen et al., 1999).
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The unique binding site also increases the likely success
of developing inhibitors that are specific for ADAMTS-5
(Bursavich et al., 2007b; Gilbert et al., 2007).

The catalytic domain is followed by the disintegrin
domain (Fig. 1). The disintegrin domain lacks the classical
integrin binding sequence (RGD) (Ruoslahti and
Pierschbacher, 1986) and does not interact with integrins.
The first TS module located C-terminal to the disintegrin
domain is highly conserved within the ADAMTS family,
including the CSR(T/S)C pentapeptide and conservation
of selected glycine, tryptophan and proline residues
(Hurskainen et al., 1999). The cysteine rich-region contains
ten cysteine residues that are also highly conserved in
ADAMTS enzymes. The ADAMTS-5 spacer region has
no distinguishing structural features. It has no cysteine
residues, which possibly makes it more flexible than other
regions of the molecule. The second TS module located at
the C-terminus is less conserved among the ADAMTS
enzymes than the first TS module, even though the spacing
and number of cysteine residues is strictly conserved
(Hurskainen et al., 1999). ADAMTS-5 is predicted to
contain four N-glycosylation sites (Abbaszade et al., 1999);
one located in the disintegrin domain, one in the cysteine-
rich region and two in the spacer domain, and they are
conserved in mouse and human. One O-linked
glycosylation site is also predicted in the spacer domain
(Gendron et al., 2007) (Fig. 1).

Aggrecanase Activity and the Aggrecan Substrate

Aggrecan is the major proteoglycan in cartilage and it gives
this tissue its unique capacity to bear load and resist
compression. In arthritic cartilage, aggrecan and type II
collagen are degraded, then lost, causing the tissue to
become thin and mechanically weak. Because aggrecan
loss from cartilage is an early (Pond and Nuki, 1973) and
reversible (Thomas, 1956) event, in vitro and in vivo, and

because aggrecan may have a protective role in preventing
collagen degradation (Pratta et al., 2003b), a great deal of
research has focused on aggrecanolysis at the molecular
level.

Aggrecan has two globular domains, G1 and G2 at the
N-terminus, and a third globular domain, G3 at the C-
terminus (Fig. 2). An extended sequence between the G2
and G3 domains is heavily decorated with chondroitin
sulphate (CS) and keratan sulphate (KS) chains, organised
into distinct chondroitin sulphate-1 (CS-1) and chondroitin
sulphate-2 (CS-2) domains and a KS-rich region. An
interglobular domain (IGD) of approximately 150 amino
acids separates G1 from G2 and, in vitro, can be cleaved
by almost any proteinase. However, in vivo, the majority
of fragments are products of aggrecanase or MMP activity;
aggrecanase fragments predominate, but MMPs are also
involved (Chambers et al., 2001; Fosang et al., 1996; Lark
et al., 1997; Struglics et al., 2006a; Struglics et al., 2006b;
van Meurs et al., 1999a), particularly in late stage disease
(van Meurs et al., 1999b; van Meurs et al., 1998; van Meurs
et al., 1999c). The cysteine proteinase, m-calpain, also
produces specific aggrecan fragments in human cartilage
in vivo after digestion at VPGVA709 710AVPVE in the KS-
rich region (Maehara et al., 2007).

Proteolysis in the IGD releases the entire CS-rich region
essential for the biomechanical properties of aggrecan, and
is therefore the most detrimental for cartilage function.
Cleavage at the E373 374A bond in the IGD is the signature
activity of the aggrecanases and is widely reported in
humans and in animals as an activity marker. However,
cleavage at E373 374A is not the preferred action of these
enzymes. In vitro, recombinant ADAMTS-4 and -5
preferentially cleave aggrecan in the CS-2 domain
(Tortorella et al., 2002; Tortorella et al., 2000b). The two
most preferred cleavage sites in bovine aggrecan are at
KEEE1667 1668GLGS, followed by GELE1480 1481GRGT.
Thereafter, cleavage occurs at NITEGE373 374ARGS in the

Figure2. Aggrecanase cleavage sites in the aggrecan core protein. The schematic shows the aggrecan core protein
with globular G1, G2 and G3 domains. The core protein is substituted with CS (wavy lines) and KS (straight lines)
chains. The KS-attachment region between the G2 and CS-1 domains of human and bovine aggrecan is absent in
rat and mouse aggrecan. Some KS is present in the mouse IGD (AJ Fosang, unpublished data). Aligned aggrecanase
cleavage sites are shown for human (bold), bovine (bold, italics), rat and mouse (italics). The numbered flags
above the boxed sequences denote the preferred order of cleavage (Sandy et al., 2000; Sandy and Verscharen,
2001; Tortorella et al., 2002; Tortorella et al., 2000).



14

AJ. Fosang et al.                                                                                                                                    ADAMTS-5: The story so far

IGD and at TAQE1771 1772AGEG and VSQE1871 1872LGQR
in the CS-2 region. A similar hierarchy of cleavage
preferences is shown by native aggrecanases in cell culture
(Sandy et al., 2000; Sandy and Verscharen, 2001). These
cleavage sites are highly conserved in humans, mice and
rats (Fig. 2). Although it has not been proved
experimentally, the NVTEEEARG sequence in the IGD
of chicken aggrecan might represent an aggrecanase
cleavage site (Hering et al., 1997; Li et al., 1993). Four
TSQEARG motifs in the chicken CS-2 domain might also
represent aggrecanase sites; there is one corresponding in
position and sequence to the human PTAQE1819 1820AGE
site, and three additional TSQEARG motifs more C-
terminal, with no similarity to sites in other species.

The evidence that aggrecanases show differential
activities with preferences for separate regions of the core
protein is not new. The earliest indication that this might
be the case came from studies showing that glucosamine
inhibits aggrecanase cleavage in the CS-rich region more
efficiently than it inhibits cleavage in the IGD (Sandy et
al., 1998), and more recently from studies showing that
there are differential aggrecanase activities with
preferences for separate regions of the core protein (East
et al., 2007b; Gao et al., 2002; Gendron et al., 2007;
Kashiwagi et al., 2004). Ideally, a measure of each different
activity is needed to obtain an accurate readout of total
aggrecanase activity. For example, total aggrecanase
activity can be measured in vitro by loss of aggrecan using
a dye-binding assay, by Western blotting with antibody
2B6 that detects all CS-containing fragments, or by 35S-
radiolabelling that detects all newly-synthesised CS and
KS-containing fragments. Cleavage in the IGD, and in the
CS-2 domain, can be detected with highly specific
neoepitope antibodies. In mouse cartilage there is a positive
correlation between total aggrecanase activity and IGD-
cleavage with respect to ADAMTS-5 (East et al., 2007b).
However, for recombinant full length ADAMTS-4 there
is a negative correlation between total aggrecanase activity
and IGD-cleavage, and a positive correlation between total
aggrecanase activity and CS-2-cleavage (Kashiwagi et al.,
2004) (Table 1).

Neoepitope Antibodies Identify ADAMTS Activity

Most aggrecanolysis studies have relied on neoepitope
antibodies to detect specific aggrecan fragments as
evidence of enzyme activity. Neoepitope antibodies detect
epitopes at the newly-created N- or C-terminus of aggrecan
fragments, but fail to recognise the same sequence of amino
acids present in intact or undigested aggrecan. Aggrecan
neoepitope antibodies recognising the products of
aggrecanase (Billington et al., 1998; East et al., 2007b;
Hughes et al., 1995; Lark et al., 1995a; Mercuri et al.,
1999; Sandy et al., 2000; Sztrolovics et al., 1997b), MMP
(Büttner et al., 1998; Fosang et al., 1995; Hughes et al.,
1995; Lark et al., 1995b; Lee et al., 1998; Mercuri et al.,
1999; Sztrolovics et al., 1997a) and calpain (Oshita et al.,
2004) cleavage have been described. Neoepitope
antibodies are specific for the products of a single
proteolytic event, but do not distinguish between enzymes

with identical activities. The aggrecan neoepitope
antibodies do not, therefore, distinguish between the
activities of ADAMTS-4, ADAMTS-5 or other potential
aggrecanases including ADAMTS-1, -8, -9, -15 (Collins-
Racie et al., 2004; Demircan et al., 2005; Kuno et al., 2000;
Somerville et al., 2003; Zeng et al., 2006) or an
uncharacterised membrane aggrecanase (Billington et al.,
1998; Hui et al., 2005). Nevertheless, neoepitope
antibodies have been instrumental in:

- studies seeking to distinguish MMP-driven aggrecan
loss from aggrecanase-driven aggrecan loss (Chambers et
al., 2001; Fosang et al., 1996; Lark et al., 1997; Struglics
et al., 2006a; Struglics et al., 2006b; van Meurs et al.,
1999a)

- the discovery of ADAMTS-4 and -5 (Abbaszade et
al., 1999; Tortorella et al., 1999) which relied upon the
anti-374ARGS antibody BC-3 (Hughes et al., 1995) to track
enzyme activity during purification

- the discovery of a third cartilage aggrecanase, other
than ADAMTS-4 and -5 (Rogerson et al., 2008), based on
the upregulation of FREEE1467 neoepitope by retinoic acid
in ADAMTS-4/-5-double deficient mice.

One aggrecan fragment can be the product of two
distinct enzyme activities. For example, human OA
cartilage and synovial fluids contain fragments with MMP-
derived 342FFGVG N-termini and aggrecanase-derived
KEEE1714 or SELE1545 C-termini (Struglics et al., 2006b).
Similarly, large fragments (~250kDa) with KEEE1666/
FREEE1467 C-termini but lacking aggrecanase-derived N-
termini have been detected in bovine and mouse cartilage
explants respectively (East et al., 2007b; Tortorella et al.,
2001) suggesting that these fragments are also the products
of an aggrecanase at one end, and a non-aggrecanase,
possibly an MMP1, at the other. Identifying the enzyme
families responsible for creating the fragments described
above is not straightforward because there are exceptions
to the rules for aggrecan neoepitope specificity. At high
concentrations in vitro, MMP-8 (Fosang et al., 1994) and
MMP-14 (Büttner et al., 1998) cleave at the E373 374A
aggrecanase site, and ADAMTS-1 (Rodriguez-
Manzaneque et al., 2002), ADAMTS-4 (Westling et al.,
2002) and cathepsin B (Mort et al., 1998) can cleave at
the N341 342F MMP site.

Aggrecanolysis in cartilage explant cultures is highly
dynamic and there is a hierarchy of aggrecanase cleavage
preferences in the CS-2 domain. In the mouse, cleavage at
FREEE1467 1468GLGS precedes cleavage at
SELE1279 1280GRGT, and FREEE1467 fragments are readily
converted to SELE1279 fragments. In explant cultures the
level of FREEE1467 in mouse cartilage is often inversely
proportional to the level of SELE1279 in the medium, since
FREEE1467 is a transient intermediate (Rogerson et al.,
2008). FREEE1468 epitope, on its own, is therefore a poor
indicator of aggrecanolysis. An absence of FREEE1467

1 We have found that the 342FFGVG neoepitope is labile in
mouse explant cultures  [East et al., 2007] consistent with a
number of studies reporting immunodetection of DIPEN341 (or
DIPES341 in the bovine) neoepitope without detection of the
corresponding 342FFGVG neoepitope
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epitope could either be due to an absence of aggrecanolysis
(the fragment is not formed), or abundant aggrecanolysis
which converts the entire fragment to SELE1279 (see Fig
2). Thus, more than one neoepitope is needed to
characterise the full extent of aggrecanolysis. Similarly,
for in vitro studies, analysis of both cartilage and medium
compartments is needed to give a complete picture of
aggrecanase activity.

Neoepitope antibodies recognising the N-terminus of
ADAMTS-4 or ADAMTS-5 following cleavage by furin-
like enzymes have also been made (Mort et al., 2003;
Powell et al., 2007). Unlike the aggrecan neoepitopes that
are markers of enzyme activity and do not distinguish
between ADAMTS-4 and ADAMTS-5, the ADAMTS
neoepitopes detect the enzymes directly, and because the
sequences are distinctly different, antibodies raised against
the N-termini of the active enzymes readily distinguish
between them. Anti-213FASLS antibodies recognising
active ADAMTS-4 have been used to immunolocalise
ADAMTS-4 protein in the tibial growth plate of young
rats (Mort et al., 2003). Anti-263SISRA  antibodies on the

other hand failed to detect active ADAMTS-5 in the same
rat growth plates, suggesting either that ADAMTS-5 has
a minimal role in resorbing growth plate aggrecan, or that
the levels of ADAMTS-5 expressed in cartilage are
exceptionally small, as proposed by others (Gendron et
al., 2007; Glasson et al., 2005; Hurskainen et al., 1999).

Functional Roles for the C-terminal Ancillary Domains
of ADAMTS-5

Ancillary domains that modulate the affinity of proteinases
for their substrates are called exosites (Overall, 2002). The
disintegrin, TS, cysteine-rich and spacer domains of
ADAMTS-5 are ancillary domains with potential exosite
functions. Exosites can broaden substrate specificity by
providing additional substrate binding sites in a region
remote from the active site, and can increase substrate-
binding affinity, impacting on Km. There is a distinction
between (a) a true exosite that modulates enzyme activity
as a consequence of ligand binding, and (b) ligand binding
that has no influence on enzyme activity, and hence no

Table 1.  Modulation of aggrecanase activity by C-terminal ancillary domain deletions. 
 

  

ADAMTS-5 

 

ADAMTS-4 

Full length Maximum IGD-activityC* 

Maximum CS-2-activityC* 

Minimal IGD-activity C,E & 

Maximum IGD-activityH  

Maximum CS-2-activityC,E& 

∆ C-terminal TS Reduced IGD-activityC* 

Maximum CS-2-activityC*  

N/A 

∆ spacer domain Reduced IGD-activityC * 

Reduced CS-2-activityC* 

Maximum IGD-activityC,E,G,H  

Maximum CS-2-activityC,E  

∆ cysteine-rich domain Reduced IGD-activityC* 

Reduced CS-2-activityC* 

IGD and CS-2-activity presentD  

Reduced IGD-activityC,E& 

Reduced CS-activityC,E& 

∆ TS No IGD or CS-2-activityC  

Minimal CS-2-activityD  

No IGD or CS-2-activityE,F  

∆ disintegrin No IGD or CS-2-activityC   

 
*relative to full length ADAMTS-5 
&relative to maximum ADAMTS-4 activity in the truncate lacking the C-terminal spacer domain 

C (Gendron et al., 2007)(CS-2-activity, cleavage at GELE1480 1481GRGT) 

D (Zeng et al., 2006)(CS-2-activity, cleavage at TAQE1771 1772AGEG) 

E (Kashiwagi et al., 2004)(CS-2-activity, cleavage at GELE1480 1481GRGT) 

F (Tortorella et al., 2000a)(CS-2-activity, cleavage at GELE1480 1481GRGT and KEEE1666 1667GLGS) 

G (Gao et al., 2002) 

H (Hashimoto et al., 2004) 
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exosite function. For example, the spacer and C-terminal
TS module of ADAMTS-5 bind heparin, but the binding
does not confer increased or decreased aggrecanase activity
(Zeng et al., 2006); these heparin-binding sites are therefore
not true exosites. Several ADAMTS enzymes have evolved
C-terminal exosites that bind glycosaminoglycans
(Flannery et al., 2002; Kuno and Matsushima, 1998;
Tortorella et al., 2000a) and docking of ADAMTS enzymes
onto glycosaminoglycans might help orientate the active
site with the scissile bond in the substrate. Exosites are
not restricted to ancillary domains; they can also be found
in catalytic domains but in these situations they do not
form part of the active site.

ADAMTS-5 in normal human articular cartilage
localises around cells in the superficial zone, and around
clonal cell clusters in OA cartilage (Plaas et al., 2007).
The pericellular localisation is thought to occur via binding
to hyaluronan (HA) and interactions between ADAMTS-
5 and HA complexes in cartilage extracts can be disrupted
by treatment with Streptomyces hyaluronidase (Plaas et
al., 2007). The interaction between ADAMTS-5 and HA
might be mediated through the disintegrin domain which
contains a pair of contiguous HA binding motifs (BX7B)
(Plaas et al., 2007; Yang et al., 1994) (Fig. 1). A single
heparin-binding motif in the spacer domain might
contribute further to the pericellular localisation of
ADAMTS-5. Full length recombinant ADAMTS-5
expressed in the HTB-94 human chondrosarcoma cell line
also localises at the cell surface and in the extracellular
matrix. However, in this case, the cysteine-rich domain
appears to be essential for the binding and localisation
because sequential deletion of the C-terminal TS and spacer
domains had no effect on ADAMTS-5 localisation in the
matrix, whereas further deletion of the cysteine-rich
domain released ADAMTS-5 to the medium (Gendron et
al., 2007). Notably, the spacer domain is responsible for
ADAMTS-4 binding to extracellular matrix (Flannery et
al., 2002; Gao et al., 2002; Hashimoto et al., 2004;
Kashiwagi et al., 2004), possibly through spacer-domain
interactions with fibronectin (Hashimoto et al., 2004). It
is not known whether there are similar interactions between
fibronectin and the spacer domain of ADAMTS-5. Both
ADAMTS-4 and ADAMTS-5 have weak activity against
fibronectin (Gendron et al., 2007; Hashimoto et al., 2004).

It is interesting that the spacer domain has distinctly
different roles in regulating the catalytic activities of
ADAMTS-5 and ADAMTS-4. Deletion of the spacer
domain increases (Gao et al., 2002; Kashiwagi et al., 2004)
or maintains (Hashimoto et al., 2004) the IGD-activity of
ADAMTS-4, but decreases the IGD-activity of ADAMTS-
5 by four-fold (Gendron et al., 2007) (Table 1). In addition,
deletion of the spacer domain has no effect on the CS-2
activity of ADAMTS-4 (Gendron et al., 2007; Kashiwagi
et al., 2004), but reduces the CS-2 cleaving activity of
ADAMTS-5 by 100-fold (Gendron et al., 2007). Thus,
the aggrecan-degrading activity of recombinant
ADAMTS-5 appears to be more sensitive to C-terminal
truncations than ADAMTS-4 (Table 1); not only is the
CS-2 activity of ADAMTS-5 reduced 100 fold by deletion
of the spacer domain, it is reduced a further 20 fold

following deletion of the cysteine-rich region (Gendron et
al., 2007). ADAMTS-4 activity in the CS-2 domain, in
contrast, is unaffected by deletion of the spacer domain
and only minimally reduced by deletion of the cysteine-
rich domain (Gendron et al., 2007; Kashiwagi et al., 2004).
Autolytic processing to remove most of the ADAMTS-5
spacer domain occurs at RIPE753 754GATH in vitro, creating
a C-terminal RIPE753 neoepitope (Fig. 1) (Zeng et al.,
2006). The minimum domain composition for a molecule
containing aggrecan-degrading activity, in both ADAMTS-
4 and ADAMTS-5, is the catalytic domain, the disintegrin
domain and first TS module. Recombinant truncates
lacking the TS module adjacent to the disintegrin domain
are inactive against aggrecan (Gendron et al., 2007;
Kashiwagi et al., 2004; Tortorella et al., 2002; Zeng et al.,
2006). Alternative splicing of ADAMTS-4 provides
another potential means of modulating enzyme activity in
different tissues (Wainwright et al., 2006). There is no
report that ADAMTS-5 is alternatively spliced.

C-terminal processing to remove exosites that
positively or negatively regulate activity might be a
common mechanism for the post-translational regulation
of this family of proteinases. ADAMTS-1 and ADAMTS-
4 activities are increased by post-translational processing
(Gao et al., 2002; Kashiwagi et al., 2004; Kuno et al.,
2000; Pratta et al., 2003a) whereas ADAMTS-5 activity
is decreased by post-translational processing, in vivo
(Malfait et al., 2002; Plaas et al., 2007; Vankemmelbeke
et al., 2001; Yamanishi et al., 2002) and in vitro (Zeng et
al., 2006) (Table 1). These observations highlight the point
that exosites might broaden substrate specificity, but
equally, they might restrict it. MT4-MMP is involved in
the further activation and processing of ADAMTS-4 (Gao
et al., 2004), but there is no evidence that MT4-MMP has
a role in processing ADAMTS-5. Aggrecanolysis in
cultured chondrocytes isolated from wildtype and MT4-
MMP null mice is indistinguishable, suggesting that in the
mouse, MT4-MMP does not modulate ADAMTS-5
activity (Stewart et al., 2006).

ADAMTS-5-Deficient Mice are Phenotypically Normal

ADAMTS-5 is expressed in many tissues (Abbaszade et
al., 1999; Glasson et al., 2005; Stanton et al., 2005), yet
mice deficient in ADAMTS-5 catalytic activity have no
apparent phenotype (Glasson et al., 2005; Stanton et al.,
2005). It is perhaps surprising that the ADAMTS-5-
deficient mice do not have skeletal or growth plate
abnormalities. In skeletogenesis, mesenchymal stem cells
increase their expression of ADAMTS-5 at late stage
chondrogenesis (Djouad et al., 2007), and effectors of
growth plate organisation and endochondral ossification,
such as the Wnt/β-catenin signalling pathway (Tamamura
et al., 2005) and the thyroid hormone tri-iodothyronine
T3 (Makihira et al., 2003), also increase the expression of
ADAMTS-5 suggesting it has a role in skeletogenesis.
However, there is no growth plate phenotype at any age in
ADAMTS-5-deficient mice. This finding could be
interpreted in several ways. Aggrecan resorption in the
growth plate could be driven by proteinases other than
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ADAMTS-5; for example, ADAMTS-4 could be involved
given the presence of anti-213FASLS neoepitopes in rat
tibial growth plates (Mort et al., 2003). An aggrecanase
other than ADAMTS-4 or -5 could be involved, and indeed
cartilage explants from mice deficient in both ADAMTS-
4 and ADAMTS-5 activity generate aggrecanase
neoepitopes (Rogerson et al., 2008) suggesting that an
aggrecanase, yet to be identified (Billington et al., 1998;
Demircan et al., 2005; East et al., 2007b), could
compensate for the loss of ADAMTS-4 and -5 activity.
Alternatively, glycosidases such as hyaluronidase could
have more prominent roles in resorbing the aggrecan
aggregate in growth cartilage (Durigova et al., 2007;
Sztrolovics et al., 2002). The latter hypothesis is supported
by data showing a lack of skeletal abnormality in
ADAMTS-4-deficient mice (Glasson et al., 2004; Stanton
et al., 2005), ADAMTS-5-deficient mice (Glasson et al.,
2005; Stanton et al., 2005), ADAMTS-4/-5 double-
deficient mice (Ilic et al., 2007; Majumdar et al., 2007;
Rogerson et al., 2008), and aggrecan knockin mice resistant
to aggrecanase cleavage in the IGD (Little et al., 2007).
Aggrecan knockin mice resistant to MMP cleavage in the
IGD are also skeletally normal (Little et al., 2005).

One unresolved issue with the ADAMTS-5-deficient
mice (Glasson et al., 2005; Stanton et al., 2005) is that
although the in-frame deletion generates shortened
transcripts that are not removed by nonsense-mediated
decay, to date it has been impossible to confirm that mutant
ADAMTS-5, lacking 56 amino acids, is translated and
survives in tissues. Attempts at Western blots of mouse
cartilage extracts with home-made and commercial
antibodies from a number of independent laboratories have
been futile. This could be due to the low level of ADAMTS-
5 antigen present in cartilage (Gendron et al., 2007), and
indeed in most tissues after the pre-implantation stage in
embryos (Hurskainen et al., 1999). On the other hand,
Wyeth researchers report that, after cloning and attempts
to express the identical human version of the exon 3-
deleted mouse construct in CHO cells, no mutant
ADAMTS-5 protein was detected in media or cell extracts,
even though recombinant wildtype ADAMTS-5 protein
was secreted by CHO cells (Glasson et al., 2005). This is
an intriguing result. Ongoing collaborative studies in our
laboratory comparing ADAMTS-5-deficient mice lacking
the catalytic domain, with ADAMTS-5 null mice lacking
the entire gene, might provide some answers. These studies
might also reveal exosite functions in ADAMTS-5
ancillary domains.

Regulation of ADAMTS-5 Expression

Because of its predicted involvement in human arthritis,
many studies have examined ADAMTS-5 regulation by
catabolic agents such as IL-1α and β, oncostatin M (OSM),
TNFα and retinoic acid (Table 2). ADAMTS-5 is expressed
in both a constitutive and an inducible manner, depending
on the species, cell type or experimental conditions.
ADAMTS-5 is constitutively expressed in human
chondrocytes and synovial fibroblasts (Table 2). In
contrast, whereas its expression appears to be constitutive

in mouse and bovine synovial fibroblasts, ADAMTS-5
expression in mouse and bovine chondrocytes is
consistently induced by inflammatory cytokines and
retinoic acid. Discrepancies in the literature might reflect
differences in cell versus explant culture, primary cell
versus passaged or transformed cell, variations in culture
conditions including the presence or absence of serum,
cell culture in two versus three dimensions, or the health
status of human tissue at the time of harvest. In many cases,
ADAMTS-5 regulation is distinctly different from
ADAMTS-4 (Table 2). This could have important
implications, and complications, for therapeutic strategies,
should it be necessary to inhibit both ADAMTS-4 and
ADAMTS-5 to manage human arthritis. For example,
ADAMTS-4 expression by human synoviocytes is
significantly inhibited by the TNFα blocker etanercept and
an anti-IL-1β neutralising antibody, whereas the expression
of ADAMTS-5 in the same cells was not affected by
neutralisation of IL-1β and/or TNFα (Bondeson et al.,
2006).

Molecules other than cytokines can also modulate the
expression of ADAMTS-5 in vitro, though in general the
effects are modest. Adenovirus infection of mouse
synovium with connective tissue growth factor induces
ADAMTS-5 expression and synovial fibrosis (Blaney
Davidson et al., 2006). Galectin-3, a soluble lectin
increased in human OA cartilage (Guevremont et al.,
2004), weakly stimulates ADAMTS-5 expression in human
OA chondrocytes (Janelle-Montcalm et al., 2007).
Conversely, nutraceuticals such as glucosamine and
chondroitin sulphate at biologically relevant concentrations
decrease IL-1-induced ADAMTS-5 expression in bovine
cartilage explants (Chan et al., 2006). In addition to the
anti-inflammatory properties of n-3 fatty acids,
incorporation of this dietary compound into chondrocyte
membranes in vitro decreases expression of IL-1-induced
ADAMTS-5 (Curtis et al., 2000). Catechin gallate esters
found in green tea, potently inhibit ADAMTS-5 activity
with an IC50 of 100-150 nM (Vankemmelbeke et al., 2003).
Pentosan polysulphate, used for the management of
advancing arthritis in veterinary settings, also inhibits IL-
1 and retinoic acid-induced aggrecan loss in vitro
(Munteanu et al., 2000; Munteanu et al., 2002), although
ADAMTS-5 was not measured in these experiments.

ADAMTS-5 gene expression can be regulated by
epigenetic modifications including histone acetylation and
deacetylation and changes in the methylation status of CpG
sites in the gene promoter. Histone acetylation and
deacetylation is generally associated with transcriptional
activation and repression, respectively, although the inverse
relationships have also been reported (Bernstein et al.,
2000; Nair et al., 2001). In SW1353 chondrosarcoma cells
and primary human chondrocytes, histone deacetylase
inhibitors potently inhibit IL-1α/OSM-induced cartilage
degradation and suppress the IL-1α/OSM-induced
upregulation of ADAMTS-5 (Young et al., 2005).
Methylation of CpG islands is associated with gene
silencing. Although there are no reported changes in
methylation of the ADAMTS-5 gene promoter in cartilage,
ADAMTS-4 expression in OA cartilage is regulated
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epigenetically, with the percentage of non-methylated sites
in the ADAMTS-4 promoter increased to nearly 50% in
OA cartilage, from 0% in control cartilage (Roach et al.,
2005).  In the cancer field, a high frequency (57%) of
aberrant ADAMTS-5 gene methylation is associated with
T-cell acute lymphoblastic leukemia (Roman-Gomez et al.,
2005).

A 2.6 kb promoter region of the human ADAMTS-5
gene has response elements for interactions with Runx2;
ADAMTS-5 promoter activity is upregulated in response

to Runx2 over-expression in primary bovine chondrocytes
and human chondrosarcoma cells (Thirunavukkarasu et
al., 2007). Runx2 might be an important driver of cartilage
degradation in human OA since it also stimulates
expression of ADAMTS-4 (Thirunavukkarasu et al., 2006)
and MMP-13 (Jimenez et al., 1999; Wang et al., 2004b).
ADAMTS-5 expression is thought to be NF8κB-
independent in synovial fibroblasts (Bondeson et al.,
2007), but NFκB-dependent in chondrocytes (LaVallie et
al., 2006).

Table 2.  Regulation of ADAMTS-5 mRNA expression by pro-catabolic agents. 
 

Species Cell type 
constitutive 
expression 

 mRNA 
expression 
increased 

mRNA 
expression 
unchanged by 

ADAMTS-4 
expression different 
from ADAMTS-5? Reference 

Human OA synovial 
fibroblastf 

Yes  IL-1, TNF 
 

Yes. Increased by IL-1 
and TNFα. 

(Bondeson et al., 2007) 

Human OA synovial 
fibroblastsh 

Yes  anti-IL-1β, Enbrel Yes. Decreased by 
Enbrel ± anti-IL-1β 

(Bondeson et al., 2006) 

Human synovial 
fibroblastsc 

Yes  IL-1β , TNFα, 
TGFβ 

Yes. Increased 13-fold 
by TGFβ 

(Yamanishi et al., 2002) 

Human synovial 
fibroblastsl 

Yes    (Blaney Davidson et al., 2006) 

Bovine  synoviumd Yes  IL-1α, retinoic 
acid 

No (Vankemmelbeke et al., 2001) 

Mouse synovial 
fibroblastsc 

Yes  IL-1α  (East et al., 2007a) 

Human chondrocytesd Yes  IL-1β , TNFα, 
TGFβ 

Yes. Increased by IL-
1β, TNFα, TGFβ 

(Moulharat et al., 2004) 

Human chondrocytesd,i Yes  IL-1β Yes. Increased by IL-1β (Bau et al., 2002) 
Bovine chondrocytesg Yes  IL-1α ±IL-1ra, 

TNFα ± anti-TNF 
Yes. Increased by IL-1α  
and TNFα 

(Tortorella et al., 2001) 

Bovine chondrocytesd Yes  IL-1α Yes. Increased by IL-1α  (Curtis et al., 2000) 
Human chondrocytesl; 

normal and OA 
Yes   Yes. Detected in OA 

cartilage but not normal. 
(Malfait et al., 2002) 

Human chondrocytesl; 
normal and OA 

Yes    (Bau et al., 2002; Blaney Davidson et 
al., 2006; Kevorkian et al., 2004)  

Human chondrosarcoma 
(SW-1353) 

  IL-1β No (Pattoli et al., 2005) 

Human chondrocytesd  8-fold by IL-
1α and OSM 

 Yes. 35-fold greater 
induction 

(Young et al.) 

Human immortalised 
chondrocytesk 

 8-fold by IL-
1α 

 Yes. Increased by IL-
1α and OSM but not by 
IL-1α alone 

(Koshy et al., 2002) 

Bovine chondrocytesb  4-fold by IL-
1α; 14-fold by 
TNFα 

 Yes. Increased 25-fold 
by IL-1α; 13-fold by 
TNFα 

(LaVallie et al., 2006)  

Bovine  chondrocytese  10-fold by IL-
1β 

 Yes.  Increased 54-fold 
by IL-1β 

(Cortial et al., 2006)  

Bovine chondrocytesb  10-fold by IL-
1α; 8-fold by 
TNFα 

 Similar (Arai et al., 2004) 

Bovine chondrocytesg  Increased by 
IL-1α 

 No (Little et al., 2002) 

Bovine chondrocytesg  10-fold 
increase by 
IL-1α 

 Yes. Increased 3-fold by 
IL-1α 

(Patwari et al., 2005) 

Bovine chondrocytesg  Increased by 
IL-1β 

  (Chan et al., 2006) 

Mouse chondrocytesg  17-fold by IL-
1α; 8 fold by 
retinoate 

 Yes. No increase by IL-
1α or retinoate 

(East et al., 2007b; Stanton et al., 
2005) 

aagent over-expressed in vivo 
bpellet culture 
ccells used at passage 3-9 
dprimary cell cultures 
eprimary cells seeded onto collagen sponges 
fcells used at passage 4-6 ± adenoviral infection 
gcartilage explant culture 
hmacrophage and T-cell-depleted primary cell cultures 
ialginate culture 
k immortalised cells in monolayer 
lUncultured, ex vivo analysis 
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Glycosaminoglycans Modulate Aggrecanase Activity

Deglycosylated aggrecan is a poor substrate for
aggrecanases (Gendron et al., 2007; Kashiwagi et al., 2004;
Pratta et al., 2000; Tortorella et al., 2000a) suggesting that
substrate glycosylation is important for enzyme activity
and that CS and KS chains might contribute to exosite
activity. The CS-2 activity of ADAMTS-5 at the
GELE1480 1481GRGT site in bovine aggrecan was markedly
reduced following aggrecan deglycosylation (Gendron et
al., 2007). There are no data reporting on the effects of
glycosylation on IGD cleavage by ADAMTS-5,
specifically.  A number of studies have shown that
exogenous glycosaminoglycans (Munteanu et al., 2002;
Sugimoto et al., 1999; Vankemmelbeke et al., 2001) and
sulphated sugar polymers (Munteanu et al., 2000) inhibit
cleavage at the E373 374A site in the IGD. Several KS chains
are substituted in the IGD between the MMP N341 342F
and aggrecanase E373 374A cleavage sites, at residues T352,
T357, T370 and N368 (Barry et al., 1992; Barry et al., 1995).
KS in the IGD might therefore be an important modulator
of ADAMTS-5 IGD-activity. Studies comparing the
presence or absence of endogenous KS chains have
suggested that aggrecanase cleavage in the IGD might be
increased in the presence of KS and reduced when KS is
enzymatically removed (Pratta et al., 2000; Tortorella et
al., 2000a). We have shown that N-linked KS in the IGD
potentiates ADAMTS cleavage at the E373 374A site (Poon
et al., 2005) and that the microstructure of KS chains in
the IGD is completely different to the microstructure of
KS in the KS-rich region (Fosang et al., 2004). These
findings suggest that not only might there be competition
between endogenous and exogenous glycosaminoglycans
for binding to ADAMTS enzymes, but also that KS might
have a direct effect on aggrecanolysis. Further studies are
required to elucidate the role of KS and CS on ADAMTS-
5 activity.

Inhibition of ADAMTS-5 activity

TIMP-3 is a potent inhibitor of ADAMTS-4 and
ADAMTS-5 (Hashimoto et al., 2001; Kashiwagi et al.,
2001) with Ki values in the subnanomolar range. TIMP-
1, -2 and -4 do not inhibit ADAMTS-4 or ADAMTS-5
(Arner et al., 1999; Kashiwagi et al., 2001) whereas TIMP-
3 inhibits both IL-1α and retinoic acid-stimulated
aggrecanase activity in a dose-dependent manner (Gendron
et al., 2003). In vivo, there is increased aggrecan loss and
increased NITEGE373 neoepitope, concomitant with mild
cartilage degradation in the TIMP-3 null mouse (Sahebjam
et al., 2007), suggesting that TIMP-3 is indeed an
endogenous aggrecanase inhibitor. TIMP-3 binds tightly
to negatively charged glycosaminoglycans (Yu et al., 2000)
and TIMP-3 potency against ADAMTS-4 is enhanced by
ADAMTS-4 binding to aggrecan (Wayne et al., 2007); it
appears that TIMP-3 has a greater affinity for ADAMTS-
4 complexed with aggrecan, than it does for ADAMTS-4
alone (Wayne et al., 2007). To date there are no studies
comparing the effect of aggrecan or CS on the affinity of
TIMP-3 for ADAMTS-5. α2-macroglobulin (α2M)

present in the circulation and synovial fluid is another
endogenous inhibitor of ADAMTS-4 and ADAMTS-5. In
vitro, ADAMTS-4 and -5 cleave α2M in the bait region at
M690 691G, causing the enzymes to become trapped and
consequently inactivated by the inhibitor (Tortorella et al.,
2004). However it is not clear whether α2M inhibits
ADAMTS activity in vivo.

Small molecule inhibitors designed to block MMP
active sites were developed more than 30 years ago and
several entered clinical trials for evaluation as cancer and/
or arthritis therapies. When none were successful, due
mainly to their unacceptable side effects, industry
enthusiasm (and budgets) for pursuing them consequently
waned. When aggrecanases were finally identified
(Abbaszade et al., 1999; Tortorella et al., 1999), they
sparked a new wave of interest in metalloproteinases as
targets for arthritis therapies. Designing ADAMTS
inhibitors that do not inhibit MMPs was a priority; several
broad spectrum MMP inhibitors also inhibit aggrecanases,
reflecting conservation of the active site consensus
sequence within the metzincin family of enzymes.
Synthetic inhibitors with high specificity for ADAMTS
enzymes are in development (Bursavich et al., 2007a,
2007b; Cherney et al., 2003; Gilbert et al., 2007; Yao et
al., 2002; Yao et al., 2001) and the aggrecanase inhibitor
AGG-523 is in phase I clinical trials as an osteoarthritis
drug. To maximize the usefulness of such drugs, further
research is needed to resolve when ADAMTS enzymes
are active, which cells they come from, and whether they
have different roles, or different prominence, in
inflammatory joint disease, compared with mechanically-
induced joint injury. Studies in ADAMTS-deficient mice
designed to disrupt only the ADAMTS catalytic site
without affecting the biological functions invested in the
C-terminal domains, might be useful for predicting
potential effects of active-site inhibitors.

Perspectives

There is no easy way to second guess which enzyme is the
critical aggrecanase in humans. In vitro studies using
siRNA directed towards ADAMTS-4 and ADAMTS-5 in
human cartilage (Song et al., 2007), neutralising antibodies
to ADAMTS-4 in pig cartilage (Powell et al., 2007) and
immunoprecipitation with anti-ADAMTS-4 and anti-
ADAMTS-5 antibodies in bovine cartilage (Tortorella et
al., 2001) have demonstrated a significant role for
ADAMTS-4 in aggrecanolysis. On the other hand, mice
deficient in ADAMTS-5 (but not ADAMTS-4) are
protected from early aggrecan loss and cartilage erosion
in inflammatory and non-inflammatory models of arthritis
(Glasson et al., 2005; Stanton et al., 2005), and
recombinant human ADAMTS-5 is substantially more
active than ADAMTS-4 (Gendron et al., 2007).

The picture becomes even less clear when enzyme
expression is analysed in human cartilage, because often,
the results are counter-intuitive (Bau et al., 2002;
Kevorkian et al., 2004). For example, compared with
normal articular cartilage, mRNA expression of the
proteinases MMP-3, ADAMTS-4, and ADAMTS-5 is
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decreased in OA cartilage whereas mRNA expression of
the inhibitor TIMP-3 is increased. The regulation of
proteinase gene expression can differ between knee, hip
and ankle joints in humans (Chubinskaya et al., 1996; Kang
et al., 1998; Kevorkian et al., 2004) and clearly it differs
between species. Whereas ADAMTS-5 is significantly
decreased in human OA cartilage, it is increased in a rat
model of OA compared with the sham and contralateral
control (Appleton et al., 2007). ADAMTS-5 is more highly
expressed than ADAMTS-4 in both normal and OA
cartilage at the mRNA level (Bau et al., 2002; Kevorkian
et al., 2004), but if ADAMTS-4 activity is predominantly
modulated by post-translation processing, or alternative
splicing, is this a meaningful comparison to make?

The most interesting finding to emerge from our review
of ADAMTS-5 and its comparison with ADAMTS-4 is
that for modulation of enzyme activity and gene regulation,
ADAMTS-4 and ADAMTS-5 are the antitheses of each
other (Tables 1 and 2). ADAMTS-5 activity is reduced by
C-terminal processing whereas ADAMTS-4 activity is
maintained or increased. In most cases, human ADAMTS-
5 is constitutively expressed in chondrocytes, whereas
ADAMTS-4 expression is induced by proinflammatory
cytokines. Similarly, synovial fibroblasts from all species
tested constitutively express ADAMTS-5 but ADAMTS-
4 is induced. There is still much to be learned about the
enigmatic ADAMTS-5.

References

Abbaszade I, Liu RQ, Yang F, Rosenfeld SA, Ross OH,
Link JR, Ellis DM, Tortorella MD, Pratta MA, Hollis JM,
Wynn R, Duke JL, George HJ, Hillman MC, Jr, Murphy
K, Wiswall BH, Copeland RA, Decicco CP, Bruckner R,
Nagase H, Itoh Y, Newton RC, Magolda RL, Trzaskos JM,
Burn TC (1999) Cloning and characterization of
ADAMTS11, an aggrecanase from the ADAMTS family.
J Biol Chem 274: 23443-23450.

Appleton CT, Pitelka V, Henry J, Beier F (2007) Global
analyses of gene expression in early experimental
osteoarthritis. Arthritis Rheum 56: 1854-1868.

Arai M, Anderson D, Kurdi Y, Annis-Freeman B,
Shields K, Collins-Racie LA, Corcoran C, DiBlasio-Smith
E, Pittman DD, Dorner AJ, Morris E, LaVallie ER (2004)
Effect of adenovirus-mediated overexpression of bovine
ADAMTS-4 and human ADAMTS-5 in primary bovine
articular chondrocyte pellet culture system. Osteoarthritis
Cartilage 12: 599-613.

Arner EC, Decicco CP, Cherney R, Tortorella MD
(1997) Cleavage of native cartilage aggrecan by neutrophil
collagenase (MMP-8) is distinct from endogenous cleavage
by aggrecanase. J Biol Chem 272: 9294-9299.

Arner EC, Pratta MA, Trzaskos JM, Decicco CP,
Tortorella MD (1999) Generation and Characterization of
Aggrecanase. A soluble, cartilage- derived aggrecan-
degrading activity. J Biol Chem 274: 6594-6601.

Barry FP, Gaw JU, Young CN, Neame PJ (1992)
Hyaluronan-binding region of aggrecan from pig laryngeal
cartilage. Biochem J 286: 761-769.

Barry FP, Rosenberg LC, Gaw JU, Koob TJ, Neame
PJ (1995) N- and O-linked keratan sulfate on the
hyaluronan binding region of aggrecan from mature and
immature bovine cartilage. J Biol Chem 270: 20516-20524.

Bau B, Gebhard PM, Haag J, Knorr T, Bartnik E,
Aigner T (2002) Relative messenger RNA expression
profiling of collagenases and aggrecanases in human
articular chondrocytes in vivo and in vitro. Arthritis Rheum
46: 2648-2657.

Bernstein BE, Tong JK, Schreiber SL (2000)
Genomewide studies of histone deacetylase function in
yeast. Proc Natl Acad Sci U S A 97: 13708-13713.

Billington CJ, Clark IM, Cawston TE (1998) An
aggrecan-degrading activity associated with chondrocyte
membranes. Biochem J 336: 207-212.

Blaney Davidson EN, Vitters EL, Mooren FM, Oliver
N, Berg WB, van der Kraan PM (2006) Connective tissue
growth factor/CCN2 overexpression in mouse synovial
lining results in transient fibrosis and cartilage damage.
Arthritis Rheum 54: 1653-1661.

Bode W, Grams F, Reinemer P, Gomis-Ruth FX,
Baumann U, McKay DB, Stocker W (1995) The
metzincins: A superfamily of structurally related
metalloproteinases. Zoology 99: 237-246.

Bondeson J, Wainwright SD, Lauder S, Amos N,
Hughes CE (2006) The role of synovial macrophages and
macrophage-produced cytokines in driving aggrecanases,
matrix metalloproteinases, and other destructive and
inflammatory responses in osteoarthritis. Arthritis Res Ther
8: R187.

Bondeson J, Lauder S, Wainwright S, Amos N, Evans
A, Hughes C, Feldmann M, Caterson B (2007) Adenoviral
gene transfer of the endogenous inhibitor IkappaBalpha
into human osteoarthritis synovial fibroblasts demonstrates
that several matrix metalloproteinases and aggrecanases
are nuclear factor-kappaB-dependent. J Rheumatol 34:
523-533.

Bursavich MG, Gilbert AM, Lombardi S, Georgiadis
KE, Reifenberg E, Flannery CR, Morris EA (2007a)
Synthesis and evaluation of aryl thioxothiazolidinone
inhibitors of ADAMTS-5 (Aggrecanase-2). Bioorg Med
Chem Lett 17: 1185-1188.

Bursavich MG, Gilbert AM, Lombardi S, Georgiadis
KE, Reifenberg E, Flannery CR, Morris EA (2007b) 5'-
Phenyl-3’H-spiro[indoline-3,2'-[1,3,4]thiadiazol]-2-one
inhibitors of ADAMTS-5 (Aggrecanase-2). Bioorg Med
Chem Lett 17: 5630-5633.

Büttner FH, Hughes CE, Margerie D, Lichte A,
Tschesche H, Caterson B, Bartnik E (1998) Membrane
type 1 matrix metalloproteinase (MT1-MMP) cleaves the
recombinant aggrecan substrate rAgg1mut at the
‘aggrecanase’ and the MMP sites. Characterization of mt1-
mmp catabolic activities on the interglobular domain of
aggrecan. Biochem J 333: 159-165.

Campbell IK, Golds EE, Mort JS, Roughley PJ (1986)
Human articular cartilage secretes characteristic metal
dependent proteinases upon stimulation by mononuclear
cell factor. J Rheumatol 13: 20-27.

Chambers MG, Cox L, Chong L, Suri N, Cover P,
Bayliss MT, Mason RM (2001) Matrix metalloproteinases



21

AJ. Fosang et al.                                                                                                                                    ADAMTS-5: The story so far

and aggrecanases cleave aggrecan in different zones of
normal cartilage but colocalize in the development of
osteoarthritic lesions in STR/ort mice. Arthritis Rheum 44:
1455-1465.

Chan PS, Caron JP, Orth MW (2006) Short-term gene
expression changes in cartilage explants stimulated with
interleukin beta plus glucosamine and chondroitin sulfate.
J Rheumatol 33: 1329-1340.

Cherney RJ, Mo R, Meyer DT, Wang L, Yao W,
Wasserman ZR, Liu RQ, Covington MB, Tortorella MD,
Arner EC, Qian M, Christ DD, Trzaskos JM, Newton RC,
Magolda RL, Decicco CP (2003) Potent and selective
aggrecanase inhibitors containing cyclic P1 substituents.
Bioorg Med Chem Lett 13: 1297-1300.

Chubinskaya S, Huch K, Mikecz K, Cs.-Szabó G, Hasty
KA, Kuettner KE, Cole AA (1996) Chondrocyte matrix
metalloproteinase-8: Upregulation of neutrophil
collagenase by interleukin-1b in human cartilage from knee
and ankle joints. Lab Invest 74: 232-240.

Collins-Racie LA, Flannery CR, Zeng W, Corcoran C,
Annis-Freeman B, Agostino MJ, Arai M, DiBlasio-Smith
E, Dorner AJ, Georgiadis KE, Jin M, Tan X-Y, Morris EA,
LaVallie ER (2004) ADAMTS-8 exhibits aggrecanase
activity and is expressed in human articular cartilage.
Matrix Biol 23: 219-230.

Cortial D, Gouttenoire J, Rousseau CF, Ronziere MC,
Piccardi N, Msika P, Herbage D, Mallein-Gerin F, Freyria
AM (2006) Activation by IL-1 of bovine articular
chondrocytes in culture within a 3D collagen-based
scaffold. An in vitro model to address the effect of
compounds with therapeutic potential in osteoarthritis.
Osteoarthritis Cartilage 14: 631-640.

Curtis CL, Hughes CE, Flannery CR, Little CB,
Harwood JL, Caterson B (2000) n-3 fatty acids specifically
modulate catabolic factors involved in articular cartilage
degradation. J Biol Chem 275: 721-724.

Demircan K, Hirohata S, Nishida K, Hatipoglu OF,
Oohashi T, Yonezawa T, Apte SS, Ninomiya Y (2005)
ADAMTS-9 is synergistically induced by interleukin-1beta
and tumor necrosis factor alpha in OUMS-27
chondrosarcoma cells and in human chondrocytes. Arthritis
Rheum 52: 1451-1460.

Djouad F, Delorme B, Maurice M, Bony C, Apparailly
F, Louis-Plence P, Canovas F, Charbord P, Noel D,
Jorgensen C (2007) Microenvironmental changes during
differentiation of mesenchymal stem cells towards
chondrocytes. Arthritis Res Ther 9: R33.

Durigova M, Roughley PJ, Mort JS (2007) Mechanism
of proteoglycan aggregate degradation in cartilage
stimulated with oncostatin M. Osteoarthritis Cartilage, in
press.

East CJ, Rogerson FM, Lawlor KE, Stanton H, Fosang
AJ (2007a) ADAMTS-5 activity in synovial fibroblasts is
different to chondrocytes. Trans Orthop Res Soc, San
Diego, 576 (abstr).

East CJ, Stanton H, Golub SB, Rogerson FM, Fosang
AJ (2007b) ADAMTS-5 deficiency does not block
aggrecanolysis at preferred cleavage sites in the chondroitin
sulphate-rich region of aggrecan. J Biol Chem 282 :8632-
8640.

Flannery CR (2006) MMPs and ADAMTSs: functional
studies. Front Biosci 11: 544-569.

Flannery CR, Zeng W, Corcoran C, Collins-Racie LA,
Chockalingam PS, Hebert T, Mackie SA, McDonagh T,
Crawford TK, Tomkinson KN, LaVallie ER, Morris EA
(2002) Autocatalytic Cleavage of ADAMTS-4
(Aggrecanase-1) Reveals Multiple Glycosaminoglycan-
binding Sites. J Biol Chem 277: 42775-42780.

Fosang AJ, Last K, Neame PJ, Murphy G, Knäuper V,
Tschesche H, Hughes CE, Caterson B, Hardingham TE
(1994) Neutrophil collagenase (MMP-8) cleaves at the
aggrecanase site E373-A374 in the interglobular domain
of cartilage aggrecan. Biochem J 304: 347-351.

Fosang AJ, Last K, Gardiner P, Jackson DC, Brown L
(1995) Development of a cleavage site-specific
monoclonal antibody for detecting metalloproteinase-
derived aggrecan fragments: detection of fragments in
human synovial fluids. Biochem J 310: 337-343.

Fosang AJ, Last K, Maciewicz RA (1996) Aggrecan is
degraded by matrix metalloproteinases in human arthritis.
Evidence that matrix metalloproteinase and aggrecanase
activities can be independent. J Clin Invest 98: 2292-2299.

Fosang AJ, Last K, Plaas AH, Poon CJ (2004) Keratan
sulphate in the aggrecan interglobular domain has a
microstructure that is distinct from keratan sulphate
elsewhere on aggrecan. Trans Orthop Res Soc, San
Francisco, 232.

Gao G, Westling J, Thompson VP, Howell TD,
Gottschall PE, Sandy JD (2002) Activation of the
Proteolytic Activity of ADAMTS4 (Aggrecanase-1) by C-
terminal Truncation. J Biol Chem 277: 11034-11041.

Gao G, Plaas A, Thompson VP, Jin S, Zuo F, Sandy JD
(2004) ADAMTS4 (aggrecanase-1) activation on the cell
surface involves C-terminal cleavage by
glycosylphosphatidyl inositol-anchored membrane type 4-
matrix metalloproteinase and binding of the activated
proteinase to chondroitin sulfate and heparan sulfate on
syndecan-1. J Biol Chem 279: 10042-10051.

Gendron C, Kashiwagi M, Hughes C, Caterson B,
Nagase H (2003) TIMP-3 inhibits aggrecanase-mediated
glycosaminoglycan release from cartilage explants
stimulated by catabolic factors. FEBS Lett 555: 431-436.

Gendron C, Kashiwagi M, Lim NH, Enghild JJ,
Thogersen IB, Hughes C, Caterson B, Nagase H (2007)
Proteolytic activities of human ADAMTS-5: comparative
studies with ADAMTS-4. J Biol Chem 282: 18294-18306.

Gilbert AM, Bursavich MG, Lombardi S, Georgiadis
KE, Reifenberg E, Flannery CR, Morris EA (2007) 5-((1H-
pyrazol-4-yl)methylene)-2-thioxothiazolidin-4-one
inhibitors of ADAMTS-5. Bioorg Med Chem Lett 17:
1189-1192.

Glasson SS, Askew R, Sheppard B, Carito BA,
Blanchet T, Ma HL, Flannery CR, Kanki K, Wang E,
Peluso D, Yang Z, Majumdar MK, Morris EA (2004)
Characterization of and osteoarthritis susceptibility in
ADAMTS-4-knockout mice. Arthritis Rheum 50: 2547-
2558.

Glasson SS, Askew R, Sheppard B, Carito B, Blanchet
T, Ma HL, Flannery CR, Peluso D, Kanki K, Yang Z,
Majumdar MK, Morris EA (2005) Deletion of active



22

AJ. Fosang et al.                                                                                                                                    ADAMTS-5: The story so far

ADAMTS5 prevents cartilage degradation in a murine
model of osteoarthritis. Nature 434: 644-648.

Gomis-Ruth F (2003) Structural aspects of the
metzincin clan of metalloendopeptidases. Mol Biotechnol
24: 157-202.

Guevremont M, Martel-Pelletier J, Boileau C, Liu FT,
Richard M, Fernandes JC, Pelletier JP, Reboul P (2004)
Galectin-3 surface expression on human adult
chondrocytes: a potential substrate for collagenase-3. Ann
Rheum Dis 63: 636-643.

Hashimoto G, Aoki T, Nakamura H, Tanzawa K, Okada
Y (2001) Inhibition of ADAMTS4 (aggrecanase-1) by
tissue inhibitors of metalloproteinases (TIMP-1, 2, 3 and
4). FEBS Lett 494: 192-195.

Hashimoto G, Shimoda M, Okada Y (2004) ADAMTS4
(aggrecanase-1) interaction with the C-terminal domain
of fibronectin inhibits proteolysis of aggrecan. J Biol Chem
279: 32483-32491.

Hering TM, Kollar J, Huynh TD (1997) Complete
coding sequence of bovine aggrecan: comparative
structural analysis. Arch Biochem Biophys 345: 259-270.

Hooper NM (1994) Families of zinc metalloproteases.
FEBS Lett 354: 1-6.

Hughes CE, Caterson B, Fosang AJ, Roughley PJ, Mort
JS (1995) Monoclonal antibodies that specifically
recognise neo-epitope sequences generated by
“aggrecanase” and matrix metalloproteinase cleavage of
aggrecan: application to catabolism in situ and in vitro.
Biochem J 305: 799-804.

Hui W, Barksby HE, Young DA, Cawston TE, McKie
N, Rowan AD (2005) Oncostatin M in combination with
tumour necrosis factor {alpha} induces a chondrocyte
membrane associated aggrecanase that is distinct from
ADAMTS aggrecanase-1 or -2. Ann Rheum Dis 64: 1624-
1632.

Hurskainen TL, Hirohata S, Seldin MF, Apte SS (1999)
ADAM-TS5, ADAM-TS6, and ADAM-TS7, novel
members of a new family of zinc metalloproteases. General
features and genomic distribution of the ADAM-TS family.
J Biol Chem 274: 25555-25563.

Ilic MZ, Handley CJ, Robinson HC, Mok MT (1992)
Mechanism of catabolism of aggrecan by articular
cartilage. Arch Biochem Biophys 294: 115-122.

Ilic MZ, East CJ, Rogerson FM, Fosang AJ, Handley
CJ (2007) Distinguishing aggrecan loss from aggrecan
proteolysis in ADAMTS-4 and ADAMTS-5 single and
double deficient mice. J Biol Chem 282: 37420-37428.

Janelle-Montcalm A, Boileau C, Poirier F, Pelletier JP,
Guevremont M, Duval N, Martel-Pelletier J, Reboul P
(2007) Extracellular localization of galectin-3 has a
deleterious role in joint tissues. Arthritis Res Ther 9: R20.

Jimenez MJ, Balbin M, Lopez JM, Alvarez J, Komori
T, Lopez-Otin C (1999) Collagenase 3 is a target of Cbfa1,
a transcription factor of the runt gene family involved in
bone formation. Mol Cell Biol 19: 4431-4442.

Jones GC, Riley GP (2005) ADAMTS proteinases: a
multi-domain, multi-functional family with roles in
extracellular matrix turnover and arthritis. Arthritis Res
Ther 7:160-169.

Kang Y, Koepp H, Cole AA, Kuettner KE, Homandberg
GA (1998) Cultured human ankle and knee cartilage differ

in susceptibility to damage mediated by fibronectin
fragments. J Orthop Res 16: 551-556.

Kashiwagi M, Tortorella M, Nagase H, Brew K (2001)
TIMP-3 Is a Potent Inhibitor of Aggrecanase 1 (ADAM-
TS4) and Aggrecanase 2 (ADAM-TS5). J Biol Chem 276:
12501-12504.

Kashiwagi M, Enghild JJ, Gendron C, Hughes C,
Caterson B, Itoh Y, Nagase H (2004) Altered proteolytic
activities of ADAMTS-4 expressed by C-terminal
processing. J Biol Chem 279: 10109-10119.

Kaushal GP, Shah SV (2000) The new kids on the
block: ADAMTSs, potentially multifunctional
metalloproteinases of the ADAM family. J Clin Invest 105:
1335-1337.

Kevorkian L, Young DA, Darrah C, Donell ST,
Shepstone L, Porter S, Brockbank SM, Edwards DR,
Parker AE, Clark IM (2004) Expression profiling of
metalloproteinases and their inhibitors in cartilage. Arthritis
Rheum 50: 131-141.

Koo BH, Longpré JM, Somerville RP, Alexander JP,
Leduc R, Apte SS (2007) Regulation of ADAMTS9
secretion and enzymatic activity by its propeptide. J Biol
Chem 282: 16146-16154.

Koshy PJ, Lundy CJ, Rowan AD, Porter S, Edwards
DR, Hogan A, Clark IM, Cawston TE (2002) The
modulation of matrix metalloproteinase and ADAM gene
expression in human chondrocytes by interleukin-1 and
oncostatin M: A time-course study using real-time
quantitative reverse transcription-polymerase chain
reaction. Arthritis Rheum 46: 961-967.

Kuno K, Matsushima K (1998) ADAMTS-1 protein
anchors at the extracellular matrix through the
thrombospondin type I motifs and its spacing region. J
Biol Chem 273:13912-13917.

Kuno K, Okada Y, Kawashima H, Nakamura H,
Miyasaka M, Ohno H, Matsushima K (2000) ADAMTS-
1 cleaves a cartilage proteoglycan, aggrecan. FEBS Lett
478: 241-245.

Lark MW, Gordy JT, Weidner JR, Ayala J, Kimura JH,
Williams HR, Mumford RA, Flannery CR, Carlson SS,
Iwata M, Sandy JD (1995a) Cell-mediated catabolism of
aggrecan.  Evidence that cleavage at the “aggrecanase”
site (Glu373-Ala374) is a primary event in proteolysis of the
interglobular domain. J Biol Chem 270: 2550-2556.

Lark MW, Williams H, Hoerrner LA, Weidner J, Ayala
JM, Harper CF, Christen A, Olszewski J, Konteatis Z,
Webber R, Mumford RA (1995b) Quantification of a
matrix metalloproteinase-generated aggrecan G1 fragment
using monospecific anti-peptide serum. Biochem J 307:
245-252.

Lark MW, Bayne EK, Flanagan J, Harper CF, Hoerrner
LA, Hutchinson NI, Singer II, Donatelli SA, Weidner JR,
Williams HR, Mumford RA, Lohmander LS (1997)
Aggrecan degradation in human cartilage.  Evidence for
both metalloproteinase and aggrecanase activity in normal,
osteoarthritic, and rheumatoid joints. J Clin Invest 100:
93-106.

LaVallie ER, Chockalingam PS, Collins-Racie LA,
Freeman BA, Keohan CC, Leitges M, Dorner AJ, Morris
EA, Majumdar MK, Arai M (2006) Protein kinase Czeta
is up-regulated in osteoarthritic cartilage and is required



23

AJ. Fosang et al.                                                                                                                                    ADAMTS-5: The story so far

for activation of NF-kappaB by tumor necrosis factor and
interleukin-1 in articular chondrocytes. J Biol Chem 281:
24124-24137.

Lee ER, Lamplugh L, Leblond CP, Mordier S, Magny
MC, Mort JS (1998) Immunolocalization of the cleavage
of the aggrecan core protein at the Asn341-Phe342 bond,
as an indicator of the location of the metalloproteinases
active in the lysis of the rat growth plate. Anat Rec 252:
117-132.

Li H, Schwartz NB, Vertel BM (1993) cDNA cloning
of chick cartilage chondroitin sulfate (aggrecan) core
protein and identification of a stop codon in the aggrecan
gene associated with the chondrodystrophy, nanomelia. J
Biol Chem 268: 23504-23511.

Little CB, Hughes CE, Curtis CL, Jones SA, Caterson
B, Flannery CR (2002) Cyclosporin A inhibition of
aggrecanase-mediated proteoglycan catabolism in articular
cartilage. Arthritis Rheum 46: 124-129.

Little CB, Meeker CT, Hembry RM, Sims NA, Lawlor
KE, Golub SB, Last K, Fosang AJ (2005) Matrix
metalloproteinases are not essential for aggrecan turnover
during normal skeletal growth and development. Mol Cell
Biol 25: 3388-3399.

Little CB, Meeker CT, Golub SB, Lawlor KE, Farmer
PJ, Smith SM, Fosang AJ (2007) Blocking aggrecanase
cleavage in the aggrecan interglobular domain abrogates
cartilage erosion and promotes cartilage repair. J Clin
Invest 117: 1627-1636.

Lohmander LS, Neame PJ, Sandy JD (1993) The
structure of aggrecan fragments in human synovial fluid.
Evidence that aggrecanase mediates cartilage degradation
in inflammatory joint disease, joint injury, and
osteoarthritis. Arthritis Rheum 36: 1214-1222.

Loulakis P, Shrikhande A, Davis G, Maniglia CA (1992)
N-terminal sequence of proteoglycan fragments isolated
from medium of interleukin-1-treated articular-cartilage
cultures. Putative site(s) of enzymic cleavage. Biochem J
284: 589-593.

Maehara H, Suzuki K, Sasaki T, Oshita H, Wada E,
Inoue T, Shimizu K (2007) G1-G2 aggrecan product that
can be generated by M-calpain on truncation at Ala709-
Ala710 is present abundantly in human articular cartilage.
J Biochem (Tokyo) 141: 469-477.

Majerus EM, Zheng X, Tuley EA, Sadler JE (2003)
Cleavage of the ADAMTS13 propeptide is not required
for protease activity. J Biol Chem 278: 46643-46648.

Majumdar MK, Askew R, Schelling S, Stedman N,
Blanchet T, Hopkins B, Morris EA, Glasson SS (2007)
Double-knockout of ADAMTS-4 and ADAMTS-5 in mice
results in physiologically normal animals and prevents the
progression of osteoarthritis. Arthritis Rheum 56: 3670-
3674.

Makihira S, Yan W, Murakami H, Furukawa M, Kawai
T, Nikawa H, Yoshida E, Hamada T, Okada Y, Kato Y
(2003) Thyroid hormone enhances aggrecanase-2/ADAM-
TS5 expression and proteoglycan degradation in growth
plate cartilage. Endocrinology 144: 2480-2488.

Malfait A-M, Liu R-Q, Ijiri K, Komiya S, Tortorella
MD (2002) Inhibition of ADAM-TS4 and ADAM-TS5
Prevents Aggrecan Degradation in Osteoarthritic Cartilage.
J Biol Chem 277: 22201-22208.

Mercuri FA, Doege KJ, Arner EC, Pratta MA, Last K,
Fosang AJ (1999) Recombinant human aggrecan G1-G2
exhibits native binding properties and substrate specificity
for matrix metalloproteinases and aggrecanase. J Biol
Chem 274: 32387-32395.

Mort JS, Magny MC, Lee ER (1998) Cathepsin B: an
alternative protease for the generation of an aggrecan
‘metalloproteinase’ cleavage neoepitope. Biochem J 335:
491-494.

Mort JS, Flannery CR, Makkerh J, Krupa JC, Lee ER
(2003) Use of anti-neoepitope antibodies for the analysis
of degradative events in cartilage and the molecular basis
for neoepitope specificity. Biochem Soc Symp 70: 107-
114.

Moulharat N, Lesur C, Thomas M, Rolland-Valognes
G, Pastoureau P, Anract P, De Ceuninck F, Sabatini M
(2004) Effects of transforming growth factor-beta on
aggrecanase production and proteoglycan degradation by
human chondrocytes in vitro. Osteoarthritis Cartilage 12:
296-305.

Munteanu SE, Ilic MZ, Handley CJ (2000) Calcium
pentosan polysulfate inhibits the catabolism of aggrecan
in articular cartilage explant cultures. Arthritis Rheum 43:
2211-2218.

Munteanu SE, Ilic MZ, Handley CJ (2002) Highly
sulfated glycosaminoglycans inhibit aggrecanase
degradation of aggrecan by bovine articular cartilage
explant cultures. Matrix Biol 21: 429-440.

Nagase H, Kashiwagi M (2003) Aggrecanases and
cartilage matrix degradation. Arthritis Res Ther 5: 94-103.

Nair AR, Boersma LJ, Schiltz L, Chaudhry MA,
Muschel RJ (2001) Paradoxical effects of trichostatin A:
inhibition of NF-Y-associated histone acetyltransferase
activity, phosphorylation of hGCN5 and downregulation
of cyclin A and B1 mRNA. Cancer Lett 166: 55-64.

Oshita H, Sandy JD, Suzuki K, Akaike A, Bai Y, Sasaki
T, Shimizu K (2004) Mature bovine articular cartilage
contains abundant aggrecan that is C-terminally truncated
at Ala719-Ala720, a site which is readily cleaved by m-
calpain. Biochem J 382: 253-259.

Overall CM (2002) Molecular determinants of
metalloproteinase substrate specificity: matrix
metalloproteinase substrate binding domains, modules, and
exosites. Mol Biotechnol 22: 51-86.

Pattoli MA, Macmaster JF, Gregor KR, Burke JR
(2005) Collagen and Aggrecan Degradation Is Blocked in
Interleukin-1-Treated Cartilage Explants by an Inhibitor
of I{kappa}B Kinase through Suppression of
Metalloproteinase Expression. J Pharmacol Exp Ther 315:
382-388.

Patwari P, Gao G, Lee JH, Grodzinsky AJ, Sandy JD
(2005) Analysis of ADAMTS4 and MT4-MMP indicates
that both are involved in aggrecanolysis in interleukin-1-
treated bovine cartilage. Osteoarthritis Cartilage 13: 269-
277.

Paulsson M, Mörgelin M, Wiedemann H, Beardmore-
Gray M, Dunham DG, Hardingham TE, Heinegård D,
Timpl R, Engel J (1987) Extended and globular protein
domains in cartilage proteoglycans. Biochem J 245: 763-
772.



24

AJ. Fosang et al.                                                                                                                                    ADAMTS-5: The story so far

Perkins SJ, Nealis AS, Dudhia J, Hardingham TE
(1989) Immunoglobulin fold and tandem repeat structures
in proteoglycan N-terminal domains and link protein. J
Mol Biol 206: 737-754.

Plaas A, Osborn B, Yoshihara Y, Bai Y, Bloom T,
Nelson F, Mikecz K, Sandy JD (2007) Aggrecanolysis in
human osteoarthritis: confocal localization and
biochemical characterization of ADAMTS5-hyaluronan
complexes in articular cartilages. Osteoarthritis Cartilage
15: 719-734.

Pond MJ, Nuki G (1973) Experimentally induced
osteoarthritis in the dog. Ann Rheum Dis 32: 387-388.

Poon CJ, Plaas AH, Keene DR, McQuillan DJ, Last
K, Fosang AJ (2005) N-linked keratan sulfate in the
aggrecan interglobular domain potentiates aggrecanase
activity. J Biol Chem 280: 23615-23621.

Porter S, Clark IM, Kevorkian L, Edwards DR (2005)
The ADAMTS metalloproteinases. Biochem J 386: 15-
27.

Powell AJ, Little CB, Hughes CE (2007) Low
molecular weight isoforms of the aggrecanases are
responsible for the cytokine-induced proteolysis of
aggrecan in a porcine chondrocyte culture system. Arthritis
Rheum 56: 3010-3019.

Pratta MA, Scherle PA, Yang G, Liu RQ, Newton RC
(2003a) Induction of aggrecanase 1 (ADAM-TS4) by
interleukin-1 occurs through activation of constitutively
produced protein. Arthritis Rheum 48: 119-133.

Pratta MA, Tortorella MD, Arner EC (2000) Age-
related changes in aggrecan glycosylation affect cleavage
by aggrecanase. J Biol Chem 275: 39096-39102.

Pratta MA, Yao W, Decicco C, Tortorella MD, Liu RQ,
Copeland RA, Magolda R, Newton RC, Trzaskos JM,
Arner EC (2003b) Aggrecan protects cartilage collagen
from proteolytic cleavage. J Biol Chem 278: 45539-45545.

Ratcliffe A, Tyler JA, Hardingham TE (1986) Articular
cartilage cultured with interleukin 1. Increased release of
link protein, hyaluronate-binding region and other
proteoglycan fragments. Biochem J 238: 571-580.

Roach HI, Yamada N, Cheung KS, Tilley S, Clarke
NM, Oreffo RO, Kokubun S, Bronner F (2005) Association
between the abnormal expression of matrix-degrading
enzymes by human osteoarthritic chondrocytes and
demethylation of specific CpG sites in the promoter
regions. Arthritis Rheum 52: 3110-3124.

Rodriguez-Manzaneque J, Westling J, Thai SN, Luque
A, Knauper V, Murphy G, Sandy JD, Iruela-Arispe ML
(2002) ADAMTS1 cleaves aggrecan at multiple sites and
is differentially inhibited by metalloproteinase inhibitors.
Biochem Biophys Res Commun 293: 501-508.

Rogerson FM, Stanton H, East CJ, Golub SB, Tutolo
L, Farmer PJ, Fosang AJ (2008) Evidence for a novel
aggrecan-degrading activity in cartilage: Studies of mice
deficient in both ADAMTS-4 and ADAMTS-5. Arthritis
and Rheum  in press.

Roman-Gomez J, Jimenez-Velasco A, Agirre X,
Prosper F, Heiniger A, Torres A (2005) Lack of CpG island
methylator phenotype defines a clinical subtype of T-cell
acute lymphoblastic leukemia associated with good
prognosis. J Clin Oncol 23: 7043-7049.

Ruoslahti E, Pierschbacher MD (1986) Arg-Gly-Asp:
a versatile cell recognition signal. Cell 44: 517-518.

Sahebjam S, Khokha R, Mort JS (2007) Increased
collagen and aggrecan degradation with age in the joints
of Timp3(-/-) mice. Arthritis Rheum 56: 905-909.

Sandy JD, Neame PJ, Boynton RE, Flannery CR (1991)
Catabolism of aggrecan in cartilage explants. Identification
of a major cleavage site within the interglobular domain. J
Biol Chem 266: 8683-8685.

Sandy JD, Flannery CR, Neame PJ, Lohmander LS
(1992) The structure of aggrecan fragments in human
synovial fluid. Evidence for the involvement in
osteoarthritis of a novel proteinase which cleaves the Glu
373-Ala 374 bond of the interglobular domain. J Clin Invest
89: 1512-1516.

Sandy JD, Gamett D, Thompson V, Verscharen C
(1998) Chondrocyte-mediated catabolism of aggrecan:
aggrecanase-dependent cleavage induced by interleukin-
1 or retinoic acid can be inhibited by glucosamine.
BiochemJ 335: 59-66.

Sandy JD, Thompson V, Doege K, Verscharen C (2000)
The intermediates of aggrecanase-dependent cleavage of
aggrecan in rat chondrosarcoma cells treated with
interleukin-1. Biochem J 351: 1-166.

Sandy JD, Verscharen C (2001) Analysis of aggrecan
in human knee cartilage and synovial fluid indicates that
aggrecanase (ADAMTS) activity is responsible for the
catabolic turnover and loss of whole aggrecan whereas
other protease activity is required for C-terminal processing
in vivo. Biochem J 358: 615-626.

Shieh HS, Mathis KJ, Williams JM, Hills RL, Wiese
JF, Benson TE, Kiefer JR, Marino MH, Carroll JN, Leone
JW, Malfait AM, Arner EC, Tortorella MD, Tomasselli A
(2007) High resolution crystal structure of the catalytic
domain of ADAMTS-5 (aggrecanase-2). J Biol Chem, in
press.

Somerville RP, Longpré JM, Apel ED, Lewis RM,
Wang LW, Sanes JR, Leduc R, Apte SS (2004)
ADAMTS7B, the full-length product of the ADAMTS7
gene, is a chondroitin sulfate proteoglycan containing a
mucin domain. J Biol Chem 279: 35159-35175.

Somerville RPT, Longpré J-M, Jungers KA, Engle JM,
Ross M, Evanko S, Wight TN, Leduc R, Apte SS (2003)
Characterization of ADAMTS-9 and ADAMTS-20 as a
distinct ADAMTS subfamily related to Caenorhabditis
elegans GON-1. J Biol Chem 278: 9503-9513.

Song RH, Tortorella MD, Malfait AM, Alston JT, Yang
Z, Arner EC, Griggs DW (2007) Aggrecan degradation in
human articular cartilage explants is mediated by both
ADAMTS-4 and ADAMTS-5. Arthritis Rheum 56: 575-
585.

Stanton H, Rogerson FM, East CJ, Golub SB, Lawlor
KE, Meeker CT, Little CB, Last K, Farmer PJ, Campbell
IK, Fourie AM, Fosang AJ (2005) ADAMTS5 is the major
aggrecanase in mouse cartilage in vivo and in vitro. Nature
434: 648-652.

Stewart MC, Fosang AJ, Bai Y, Osborn B, Plaas A,
Sandy JD (2006) ADAMTS5-mediated aggrecanolysis in
murine epiphyseal chondrocyte cultures. Osteoarthritis and
Cartilage 14: 392-402.



25

AJ. Fosang et al.                                                                                                                                    ADAMTS-5: The story so far

Struglics A, Larsson S, Lohmander LS (2006a)
Estimation of the identity of proteolytic aggrecan fragments
using PAGE migration and Western immunoblot.
Osteoarthritis Cartilage 14: 898-905.

Struglics A, Larsson S, Pratta MA, Kumar S, Lark MW,
Lohmander LS (2006b) Human osteoarthritis synovial
fluid and joint cartilage contain both aggrecanase- and
matrix metalloproteinase-generated aggrecan fragments.
Osteoarthritis Cartilage 14: 101-113.

Sugimoto K, Takahashi M, Yamamoto Y, Shimada K,
Tanzawa K (1999) Identification of aggrecanase activity
in medium of cartilage culture. J Biochem (Tokyo) 126:
49-455.

Sztrolovics R, Alini M, Mort JS, Roughley PJ (1997a)
Analysis of aggrecan degradation in human intervertebral
disc utilizing neoepitope-specific antibodies. Trans Orthop
Res Soc 22: 147.

Sztrolovics R, Alini M, Roughley PJ, Mort JS (1997b)
Aggrecan degradation in human intervertebral disc and
articular cartilage. Biochem J 326: 235-241.

Sztrolovics R, Recklies AD, Roughley PJ, Mort JS
(2002) Hyaluronate degradation as an alternative
mechanism for proteoglycan release from cartilage during
interleukin-1[beta]-stimulated catabolism. Biochem J 362:
473-479.

Tamamura Y, Otani T, Kanatani N, Koyama E, Kitagaki
J, Komori T, Yamada Y, Costantini F, Wakisaka S, Pacifici
M, Iwamoto M, Enomoto-Iwamoto M (2005)
Developmental regulation of Wnt/beta-catenin signals is
required for growth plate assembly, cartilage integrity, and
endochondral ossification. J Biol Chem 280: 19185-19195.

Tang BL (2001) ADAMTS: a novel family of
extracellular matrix proteases. Int J Biochem Cell Biol 33:
33-44.

Thirunavukkarasu K, Pei Y, Moore TL, Wang H, Yu
XP, Geiser AG, Chandrasekhar S (2006) Regulation of the
human ADAMTS-4 promoter by transcription factors and
cytokines. Biochem Biophys Res Commun 345: 197-204.

Thirunavukkarasu K, Pei Y, Wei T (2007)
Characterization of the human ADAMTS-5 (aggrecanase-
2) gene promoter. Mol Biol Rep 34: 225-231.

Thomas L (1956) Reversible collapse of rabbit ears
after intravenous papain, and prevention of recovery by
cortisone. J Exp Med 104:245-261.

Tortorella MD, Burn TC, Pratta MA, Abbaszade I,
Hollis JM, Liu R, Rosenfeld SA, Copeland RA, Decicco
CP, Wynn R, Rockwell A, Yang F, Duke JL, Solomon K,
George H, Bruckner R, Nagase H, Itoh Y, Ellis DM, Ross
H, Wiswall BH, Murphy K, Hillman MC, Jr, Hollis GF,
Arner EC (1999) Purification and cloning of aggrecanase-
1: a member of the ADAMTS family of proteins. Science
284:1664-1666.

Tortorella M, Pratta M, Liu RQ, Abbaszade I, Ross H,
Burn T, Arner E (2000a) The thrombospondin motif of
aggrecanase-1 (ADAMTS-4) is critical for aggrecan
substrate recognition and cleavage. J Biol Chem 275:
25791-25797.

Tortorella MD, Pratta M, Liu RQ, Austin J, Ross OH,
Abbaszade I, Burn T, Arner E (2000b) Sites of aggrecan
cleavage by recombinant human aggrecanase-1
(ADAMTS-4). J Biol Chem 275:18566-18573.

Tortorella MD, Malfait A, Deccico C, Arner E (2001)
The role of ADAM-TS4 (aggrecanase-1) and ADAM-TS5
(aggrecanase-2) in a model of cartilage degradation.
Osteoarthritis Cartilage 9: 539-552.

Tortorella MD, Liu RQ, Burn T, Newton RC, Arner E
(2002) Characterization of human aggrecanase 2 (ADAM-
TS5): substrate specificity studies and comparison with
aggrecanase 1 (ADAM-TS4). Matrix Biol 21: 499-511.

Tortorella MD, Arner EC, Hills R, Easton A, Korte-
Sarfaty J, Fok K, Wittwer AJ, Liu RQ, Malfait AM (2004)
Alpha2-macroglobulin is a novel substrate for ADAMTS-
4 and ADAMTS-5 and represents an endogenous inhibitor
of these enzymes. J Biol Chem 279: 17554-17561.

van Meurs JB, van Lent PL, Singer II, Bayne EK, van
de Loo FA, Van Den Berg WB (1998) Interleukin-1
receptor antagonist prevents expression of the
metalloproteinase-generated neoepitope VDIPEN in
antigen-induced arthritis. Arthritis Rheum 41: 647-656.

van Meurs J, van Lent P, Stoop R, Holthuysen A, Singer
I, Bayne E, Mudgett J, Poole R, Billinghurst C, van der
Kraan P, Buma P, van den Berg W (1999a) Cleavage of
aggrecan at the Asn341-Phe342 site coincides with the
initiation of collagen damage in murine antigen-induced
arthritis: a pivotal role for stromelysin 1 in matrix
metalloproteinase activity. Arthritis Rheum 42: 2074-2084.

van Meurs JB, van Lent PL, Holthuysen AE, Singer II,
Bayne EK, Van Den Berg WB (1999b) Kinetics of
aggrecanase- and metalloproteinase-induced neoepitopes
in various stages of cartilage destruction in murine arthritis.
Arthritis Rheum 42: 1128-1139.

van Meurs JB, van Lent PL, van de Loo AA,
Holthuysen AE, Bayne EK, Singer II, Van Den Berg WB
(1999c) Increased vulnerability of postarthritic cartilage
to a second arthritic insult: accelerated MMP activity in a
flare up of arthritis. Ann Rheum Dis 58:3 50-356.

Vankemmelbeke MN, Holen I, Wilson AG, Ilic MZ,
Handley CJ, Kelner GS, Clark M, Liu C, Maki RA, Burnett
D, Buttle DJ (2001) Expression and activity of ADAMTS-
5 in synovium. Eur J Biochem 268: 1259-1268.

Vankemmelbeke MN, Jones GC, Fowles C, Ilic MZ,
Handley CJ, Day AJ, Knight CG, Mort JS, Buttle DJ (2003)
Selective inhibition of ADAMTS-1, -4 and -5 by catechin
gallate esters. Eur J Biochem 270: 2394-2403.

Wainwright SD, Bondeson J, Hughes CE (2006) An
alternative spliced transcript of ADAMTS4 is present in
human synovium from OA patients. Matrix Biol 25: 317-
320.

Wang P, Tortorella M, England K, Malfait AM, Thomas
G, Arner EC, Pei D (2004a) Proprotein convertase furin
interacts with and cleaves pro-ADAMTS4 (Aggrecanase-
1) in the trans-Golgi network. J Biol Chem 279: 15434-
15440.

Wang X, Manner PA, Horner A, Shum L, Tuan RS,
Nuckolls GH (2004b) Regulation of MMP-13 expression
by RUNX2 and FGF2 in osteoarthritic cartilage.
Osteoarthritis Cartilage 12: 963-973.

Wayne GJ, Deng SJ, Amour A, Borman S, Matico R,
Carter HL, Murphy G (2007) TIMP-3 inhibition of
ADAMTS-4 (Aggrecanase-1) is modulated by interactions
between aggrecan and the C-terminal domain of
ADAMTS-4. J Biol Chem 282:20991-20998.



26

AJ. Fosang et al.                                                                                                                                    ADAMTS-5: The story so far

Westling J, Fosang AJ, Last K, Thompson VP,
Tomkinson KN, Hebert T, McDonagh T, Collins-Racie LA,
LaVallie ER, Morris EA, Sandy JD (2002) ADAMTS4
cleaves at the aggrecanase site (Glu373-Ala374) and
secondarily at the matrix metalloproteinase site (Asn341-
Phe342) in the aggrecan interglobular domain. J Biol Chem
277: 16059-16066.

Yamanishi Y, Boyle DL, Clark M, Maki RA, Tortorella
MD, Arner EC, Firestein GS (2002) Expression and
regulation of aggrecanase in arthritis: the role of TGF-
beta. J Immunol 168: 1405-1412.

Yang B, Yang BL, Savani RC, Turley EA (1994)
Identification of a common hyaluronan binding motif in
the hyaluronan binding proteins RHAMM, CD44 and link
protein. EMBO J 13: 286-296.

Yao W, Chao M, Wasserman ZR, Liu RQ, Covington
MB, Newton R, Christ D, Wexler RR, Decicco CP (2002)
Potent P1' biphenylmethyl substituted aggrecanase
inhibitors. Bioorg Med Chem Lett 12: 101-104.

Yao W, Wasserman ZR, Chao M, Reddy G, Shi E, Liu
RQ, Covington MB, Arner EC, Pratta MA, Tortorella M,
Magolda RL, Newton R, Qian M, Ribadeneira MD, Christ
D, Wexler RR, Decicco CP (2001) Design and synthesis
of a series of (2r)-n(4)-hydroxy-2-(3-hydroxybenzyl)-n(1)-
[ ( 1 s , 2 r ) - 2 - h y d r o x y - 2 , 3 - d i h y d r o - 1 h - i n d e n - 1 -
yl]butanediamide derivatives as potent, selective, and
orally bioavailable aggrecanase inhibitors. J Med Chem
44: 3347-3350.

Young DA, Lakey RL, Pennington CJ, Jones D,
Kevorkian L, Edwards DR, Cawston TE, Clark IM. (2005)
Histone deacetylase inhibitors modulate metalloproteinase
gene expression in chondrocytes and block cartilage
resorption. Arthritis Res Ther. 27: R503-R512.

Yu WH, Yu Ss, Meng Q, Brew K, Woessner JF, Jr.
(2000) TIMP-3 binds to sulfated glycosaminoglycans of
the extracellular matrix. J Biol Chem 275: 31226-31232.

Zeng W, Corcoran C, Collins-Racie LA, LaVallie ER,
Morris EA, Flannery CR (2006) Glycosaminoglycan-
binding properties and aggrecanase activities of truncated

ADAMTSs: comparative analyses with ADAMTS-5, -9,
-16 and -18. Biochim Biophys Acta 1760: 517-524.

Discussion with Reviewer

Editor: Are there any “notes in proof” that you would like
to add?
Authors: The authors wish to acknowledge two key papers
published since the time of submission and peer review:
(1) Fushimi et al. (2008), and (2) Mosyak et al. (2008).
The paper by Fushimi et al. (2008) reports that the
ADAMTS-5 catalytic domain has higher intrinsic catalytic
ability than that of ADAMTS-4, and that non-catalytic
domains of ADAMTS-5 are more effective modifiers of
activity than those of ADAMTS-4. It also reports that the
low levels of aggrecanase activity previously reported for
full length ADAMTS-4 are due to inhibition by heparin in
vitro. These results suggest that in vivo, ADAMTS activity
might be sensitive to, and modified by, the biochemical
composition of its environment. According to the paper
by Mosyak et al. (2008), the crystal structure suggests that
mature aggrecanase exists as an ensemble of at least two
isomers, only one of which is proteolytically active.
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