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The matrix components responsible for cartilage me-
chanical properties, type II collagen and aggrecan, are
degraded in osteoarthritis through proteolytic cleavage
by matrix metalloproteinases (MMPs) and aggreca-
nases, respectively. We now show that aggrecan may
serve to protect cartilage collagen from degradation.
Although collagen in freeze-thawed cartilage depleted
of aggrecan was completely degraded following incuba-
tion with MMP-1, collagen in cartilage with intact aggre-
can was not. Using interleukin-1-stimulated bovine na-
sal cartilage explants where aggrecan depletion occurs
during the first week of culture, followed by collagen
loss during the second week, we evaluated the effect of
selective MMP and aggrecanase inhibitors on degrada-
tion. A selective MMP inhibitor did not block aggrecan
degradation but caused complete inhibition of collagen
breakdown. Similar inhibition was seen with inhibitor
addition following aggrecan depletion on day 6-8, sug-
gesting that MMPs are not causing significant collagen
degradation prior to the second week of culture. Inclu-
sion of a selective aggrecanase inhibitor blocked aggre-
can degradation, and, in addition, inhibited collagen
degradation. When the inhibitor was introduced follow-
ing aggrecan depletion, it had no effect on collagen
breakdown, ruling out a direct effect through inhibition
of collagenase. These data suggest that aggrecan plays a
protective role in preventing degradation of collagen
fibrils, and that an aggrecanase inhibitor may impart
overall cartilage protection.

Cartilage plays a critical role in joint function, where it acts
as a shock absorber during joint loading and motion. The ex-
tracellular matrix molecules, type II collagen and aggrecan,
provide the properties that enable the cartilage to serve this
shock-absorbing function. Type II collagen is present as triple
helical fibrils that provide cartilage with its structure and
tensile strength (3). Aggrecan monomers consist of a core pro-
tein with three globular domains. The amino-terminal region
contains two of these globular domains, G1 and G2, separated
by an interglobular domain. The G2 is followed by a long region
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along which are attached the sulfated glycosaminoglycan side
chains, keratan sulfate and chondroitin sulfate and by the
C-terminal globular domain, G3 (4). Multiple aggrecan mono-
mers bind to hyaluronan through their G1 domains to form
huge aggregates that are trapped within the collagen network.
Because of their high negative charge and water-binding ca-
pacity, the aggrecan molecules provide the mechanical proper-
ties of compressibility and elasticity to the cartilage. The me-
chanical properties of the matrix as a whole depend on both
major components and their stabilization by intermolecular
interactions. The ability of the cartilage to withstand mechan-
ical stress, therefore, is dependent upon its structural integrity
and upon the various interactions between the matrix
components.

Cartilage degradation leading to a loss of joint function in
osteoarthritis involves proteolytic cleavage of both aggrecan
and collagen. Temporally, aggrecan is one of the first extracel-
lular matrix components to undergo measurable loss in ar-
thritic diseases (5). Indeed, there are several lines of indirect
evidence suggesting that the presence of aggrecan may serve to
protect type II collagen molecules from proteolytic degradation.
In cartilage explant cultures stimulated to undergo matrix
degradation with cytokines such as interleukin-1 (IL-1),! the
aggrecan is degraded early, during the first week of culture,
whereas the collagen is not rapidly degraded until later in the
culture period when essentially all of the aggrecan has been
lost (7, 8). Histological staining of cartilage from osteoarthritic
joints indicates aggrecan loss occurs prior to loss of collagen,
and in all areas where collagen loss or damage is seen, the
staining for aggrecan staining is depleted (6). The loss of ag-
grecan, which in normal cartilage prevents the diffusion of
large molecular weight molecules into the cartilage matrix,
may allow an increased diffusion of cytokines and proteases
from the synovial fluid into the cartilage tissue leading to
further cartilage erosion. With the loss of aggrecan, the colla-
gen fibrils are no longer well supported and can undergo me-
chanical damage. Finally, studies have shown an interaction
between type II collagen and aggrecan molecules (9), and scan-
ning electron microscopy shows aggrecan coating the collagen
fibers. Thus, it could be envisioned that aggrecan physically
prevents protease access to the collagen molecules raising the
question of whether aggrecan serves to protect collagen from
degradation, and conversely whether collagen degradation
could be prevented by retention of cartilage aggrecan.

Although type II collagen and aggrecan are both degraded in
osteoarthritis by proteolytic cleavage, different proteases are
responsible. The matrix metalloproteinases (MMP) are thought
to be responsible for type II collagen cleavage (10-13), whereas

! The abbreviations used are: IL-1, interleukin-1; MMP, matrix met-
alloproteinase; ADAMTS, a disintegrin and metalloproteinase with
thrombospondin motifs.
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Fic. 1. Structures of inhibitors used in this study. XS309 is a potent nanomolar inhibitor of a number of MMPs, including MMP-1, MMP-2,
MMP-3, MMP-8, MMP-9, and MMP-13, but is a poor inhibitor of aggrecanase (Table I). In contrast ST109 and ST154 are potent, selective inhibitors

of aggrecanase.

the aggrecanase enzymes, ADAMTS-4 (a disintegrin and met-
alloproteinase with thrombospondin motifs) and ADAMTS-5
(1, 2), have been implicated in the cleavage of aggrecan (14—
16). Selective MMP inhibitors that do not inhibit the aggre-
canases do not prevent aggrecan degradation (1, 16, 17), sug-
gesting that blockade of collagen degradation does not prevent
aggrecan loss. The recent design and synthesis of selective
aggrecanase inhibitors that do not inhibit the matrix metallo-
proteinases (18) now provide tools to examine the effect of
cartilage aggrecan protection on type II collagen degradation.

In the studies reported herein, we have examined the ability
of aggrecan preservation to prevent cartilage type II collagen
degradation. This was evaluated by 1) comparing the ability of
collagenase to degrade collagen in cartilage with normal aggre-
can content or in aggrecan-depleted cartilage, and 2) by deter-
mining the ability of selective aggrecanase inhibitors devoid of
collagenase inhibitory activity to block both aggrecan and type
II collagen breakdown and release in cartilage explants.

EXPERIMENTAL PROCEDURES

Materials—Dulbecco’s modified Eagle’s medium, fetal calf serum,
trypsin, and penicillin/streptomycin were purchased from Invitrogen.
XS309 ([3S-[3R*,2-[2R*,2-(R*,S*)]-hexahydro-2-[2-[2-(hydroxyamino)-
1-methyl-2-oxo0 ethyl]-4-methyl-1-oxopentyl]-N-methyl-3-pyridazine-
carboxamide), ST109, (N1-[2(R)-hydroxy-1(S)-indanyl]-N4-hydroxy-
2(R)-[3-(hydroxyphenyl)methyl]-butanediamide), and ST154 [N1-[2(R)-
hydroxy-1(S)-indanyl]-N4-hydroxy-2(R)-[3-(hydroxyphenyl)methyl]-
3(S)-(2,2-dimethylpropionamido)-butanediamide) were synthesized
as previously described (16, 18, 19). XS309 is a potent nanomolar
inhibitor of a number of MMPs, including MMP-1, MMP-2, MMP-3,
MMP-8, MMP-9, and MMP-13, but is a poor inhibitor of aggrecanase
(Table I). In contrast, ST109 and ST154 are potent, selective inhibitors
of aggrecanase (Fig. 1).

Aggrecanase Assay—Compounds were dissolved in 100% Me,SO at
10 mMm and then diluted in buffer (50 mm Tris, pH 7.5, 100 mm NaCl, 10
mM CaCl,) to the required concentration. Me,SO alone at the highest
final concentration used had no effect on the parameters tested. The
compounds were evaluated against a semi-purified preparation of ag-
grecanase from IL-1-stimulated bovine nasal cartilage conditioned me-
dia (15, 16). IC,, values were determined against a bovine aggrecan
monomer substrate and were based on the inhibition of aggrecan frag-
ment generation that possessed an N terminus of “ARGS.”

Preparation of Bovine Nasal Cartilage Explants—Cartilage was pre-
pared from the nasal septum of mature steer (> 9 months of age) at the
time of slaughter. Uniform cartilage disks were prepared from the nasal
septum by Covance Research Products (Denver, PA) as previously
described (16).

Digestion of Collagen in Freeze-thawed Cartilage Explants—Carti-
lage disks were frozen and thawed 3 times to render the chondrocytes
non-viable and used as a substrate for enzymatic digestion. Each disk
was cut into quarters and paired pieces from the same disk used for
various treatments. Cartilage pieces were incubated 16 h with trypsin
(5 pwg/ml) in phosphate-buffered saline to deplete the matrix aggrecan or
with buffer alone as a control (data not shown). At the end of the
incubation 5% fetal calf serum was added for 60 min to inactivate the

trypsin, and the disks were washed 4 X with phosphate-buffered saline.
Aggrecan-depleted cartilage and control cartilage pieces that contained
a normal aggrecan matrix were incubated with 500 nm full-length
MMP-1 or in buffer alone and the matrix integrity assessed visually
after 24 h.

Cartilage Cultures—Bovine nasal cartilage disks were sliced into
eighths and cultured as previously described (20). Briefly, each slice
was weighed and placed into a well of a 96-well plate in a total volume
of 180 wl of Dulbecco’s modified Eagle’s medium containing 5% fetal calf
serum and 1X antibiotic/antimycotic (Invitrogen) and equilibrated for
at least 3 days prior to treatment. Cartilage was stimulated with IL-1
in serum-free Dulbecco’s modified Eagle’s medium containing 1X anti-
biotic/antimycotic in the absence or presence of inhibitors. Culture
media were removed for analysis and replaced with fresh treatments
every two to 3 days.

Aggrecan Degradation—Aggrecan degradation was monitored by as-
sessing sulfated glycosaminoglycan released into the media using the
dimethylmethylene blue (DMMB) dye assay with shark chondroitin
sulfate as a standard (21). Aggrecan content of the cartilage was deter-
mined following digestion of the tissue with papain for 24 h at 65 °C as
previously described (20).

Collagen Degradation—Collagen degradation products were assayed
in the media or in the papain digest of the cartilage using a hydroxypro-
line assay (22). Fifty microliters of cell culture media or 10 ul of
cartilage digest were hydrolyzed with 50 ul 12N HCI for 18 h at 100 °C.
The hydrolysate was then dried in a vacuum desicator over NaOH
pellets. The residue was dissolved in water (150 ul), transferred to a
96-well plate, and dried in a chemical hood. Sixty microliters of water
was then added to each well followed by 20 ul of assay buffer (1-
propanol/water/pH 6 buffer; 3:2:10 ratio). The pH 6 buffer consisted of
0.24 M citric acid, 0.88 M anhydrous sodium acetate trihydrate, 0.88 M
anhydrous sodium acetate, 0.21 M acetic acid, 0.85 M sodium hydroxide,
pH 6. The solution was allowed to shake until the residue was fully
solubilized. Forty microliters of chloramine T reagent (0.282 g of chlor-
amine T, 1 ml of water, 8 ml of pH 6 buffer, 1 ml of 1-propanol) was then
added, and the samples were allowed to shake for 15 min at room
temperature. Eighty microliters of DMBA reagent (2 g of dimethylami-
nobenzaldehyde, 1.25 ml of 1-propanol, 2.75 ml of perchloric acid) was
added, and the plate was incubated on a shaker for 20 min at 70 °C.
After the plate was allowed to cool, absorbances were determined at 570
nm on a Molecular Devices Thermomax microplate reader. Data were
converted to nanograms of hydroxyproline based on a standard curve
that consisted of hydroxyproline levels ranging from 20-2000 ng/well.

Evaluation of Denatured Collagen—Denatured type II collagen frag-
ments retained within the tissue were removed as previously described
by digesting the tissue with chymotrypsin (23) and then assayed using
the hydroxyproline assay described above.

Statistical Analysis—Significant differences between groups were
tested by Duncan’s multiple range test when analysis of variance was
significant (p < 0.05). Values shown are mean = S.E. for glycosamino-
glycan release (n = 8); mean * S.D. for hydroxyproline levels (n = 3).

RESULTS

Collagenase Digestion of Cartilage—To determine whether
the presence of aggrecan matrix affects the ability of collagen-
ase to degrade cartilage collagen, freeze-thawed bovine nasal
cartilage explants were treated with trypsin (5 pug/ml) for 16 h
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Fic. 2. Presence of aggrecan protects collagen from collagen-
ase digestion. Paired pieces of freeze-thawed bovine nasal cartilage
were incubated for 16 h with 5 ug/ml trypsin (A) to deplete aggrecan
content of the tissue or with buffer (B) as an intact aggrecan control.
Both slices were then incubated with 500 nM full-length human MMP-1
for 24 h.

to deplete the aggrecan content of the tissue. In a preliminary
experiment, analysis of the aggrecan content in cartilage
treated with trypsin under these conditions resulted in aggre-
can depletion (data not shown). However, the cartilage was
visually unchanged and appeared hard and white like the
native cartilage not treated with trypsin. Incubation of aggre-
can-depleted cartilage with MMP-1 (500 nwm) for 24 h resulted
in complete breakdown of the cartilage matrix to a gelatinous
mass (Fig. 2). Under these same conditions, MMP-1 treatment
of cartilage with an intact aggrecan matrix resulted in minimal
changes of the cartilage matrix. These data suggest that the
aggrecan matrix provides protection to the collagen fibrils from
enzymatic cleavage.

Time Course of IL-1-stimulated Aggrecan and Collagen Deg-
radation—Bovine nasal cartilage was incubated with IL-1 for
20 days, and media were removed and replaced with fresh
treatments every 2—3 days. Media were assessed for aggrecan
and collagen degradation products (Fig. 3). Aggrecan degrada-
tion products were released into the media by day 2 and 4
following IL-1 stimulation, with media glycosaminoglycan lev-
els decreasing by day 6 and 8, suggesting depletion of aggrecan
from the cartilage. In separate studies, assessment of cartilage
digests indicated that aggrecan content of the tissue was de-
pleted following 6—8 days of IL-1 exposure (24). As reported
previously (8), collagen degradation occurred following the de-
pletion of aggrecan. No detectable hydroxyproline levels were
present in media at day 10, but increased levels were detected
at day 12 and peaked by day 17.

Effect of an MMP Inhibitor on Aggrecan and Collagen Deg-
radation—To evaluate the effect of a MMP inhibition on carti-
lage degradation, a broad-spectrum metalloproteinase inhibi-
tor, XS309, was used. This compound has been shown to inhibit
a variety of MMPs with K, values in the nanomolar range, but
is ineffective in inhibiting aggrecanase, with an IC5, of >10 puMm
(Table I) (24). XS309 was evaluated for its ability to block
IL-1-stimulated aggrecan and collagen degradation monitored
on day 4 and day 14, respectively, based on results of time
course studies above. Inclusion of XS309 (10 um) with IL-1 from
time 0 had no effect on IL-1-stimulated aggrecan degradation
(Fig. 4A), consistent with previous work suggesting that met-
alloproteinases are not involved in aggrecan degradation (17,
25, 26). However, consistent with the involvement of MMPs in
type II collagen degradation, XS309 effectively blocked IL-1-
induced collagen degradation in the same cultures at day 14
(Fig. 4B). A recent (27) report suggests that collagen degrada-
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Fic. 3. Time course of IL-1-induced aggrecan and collagen
degradation in bovine nasal cartilage. Bovine nasal cartilage was
incubated in media without (open symbols) or with IL-1 (20 ng/ml) (solid
symbols) for 20 days. Media were removed for analysis and replaced
with fresh treatments every 2-3 days. Media were assessed for aggre-
can and collagen degradation products as described in “Experimental
Procedures.” Aggrecan degradation (squares) is reported as pg glyco-
saminoglycan (GAG) per mg wet weight cartilage, and collagen degra-
dation (circles) is reported as pug hydroxyproline (HP) per mg wet weight
cartilage. Results are plotted as either the amount released during each
time period (A) or as cumulative release over time (B). Values shown are
mean *= S.E.

tion in this model is mediated by collagenase-3 (MMP-13) based
on inhibition by a selective inhibitor of this enzyme. The fact
that XS309 is an effective inhibitor of MMP-13 is consistent
with the published observations using the selective MMP-13
inhibitor.

Based on the data shown in Fig. 3 and from several pub-
lished reports (7, 28) there is no evidence to suggest that
significant collagen degradation occurs prior to aggrecan deple-
tion in this system. The temporal relationship between aggre-
can and collagen degradation, therefore, suggests that it should
be unnecessary for an MMP inhibitor to be present prior to
aggrecan depletion to be effective in blocking collagen degra-
dation. To test this hypothesis, we incubated cartilage for 6
days with IL-1 in the absence of XS309, and then added the
inhibitor with IL-1 from day 6 through day 14. XS309 was
equally effective in blocking collagen degradation when added
6 days after IL-1 treatment versus addition at time 0 (Fig. 4B).
A similar observation was made when the compound was
added 8 days after IL-1 treatment commenced (data not
shown). These data suggest that there is no significant level of
collagen degradation by MMPs occurring in response to IL-1
treatment prior to degradation and depletion of the aggrecan
matrix.

Effect of Aggrecanase Inhibition on Aggrecan and Collagen
Degradation—The contribution of aggrecanase to the degrada-



45542

Protective Role of Aggrecan

TABLE 1
Inhibitor selectivity for aggrecanase and MMPs
The K, values of these compounds against the MMPs were calculated using the fluorogenic peptide substrate, Mca-Pro-Leu-Gly-Leu-Dpa-Ala-
Arg-NH, at a concentration of 1uM as previously described (39) and the IC;, values against aggrecanase were determined as described in

“Experimental Procedures.” NT; not tested.

K.

1C50, i
aggrecanase MMP-1 MMP-2 MMP-3 MMP-8 MMP-9 MMP-13

nm
XS309 >10000 <10 <10 29 <10 <10 10
ST109 251 30953 >3000 9519 596 3324 >5000
ST154 8 5248 >3000 >4500 NT <1 >5000

A
Aggrecan release

30
_25-
£ 20- L
O15-
=
310* ’
5-
O
0 I_l ; : e T
C IL IL+
XS309

Collagen release

|
3.
=)
E:
o))
3
i
& * %
o., {
C IL day0 day6
IL+XS309

Fic. 4. Effect of an MMP inhibitor on matrix degradation. Bovine nasal cartilage explants were incubated without or with IL-1 (20 ng/ml)
for 14 days with or without the MMP inhibitor, XS309 (10 um), added either on day 0 at the time of IL-1 addition or at day 6 following depletion
of aggrecan by IL-1. Media were evaluated at day 4 for aggrecan degradation products (A) and at day 14 for collagen degradation products (B). HP,
hydroxyproline; GAG, glycosaminoglycan. *, significantly different from IL-1 alone at p < 0.05.

tion of the cartilage matrix was investigated using a selective
aggrecanase inhibitor, ST109 (18). This compound inhibits ag-
grecanase with submicromolar potency but is inactive against a
panel of MMPs including MMP-13 at concentrations up to 5 um
(Table I). The compound was added with IL-1 at time 0, and the
effect on aggrecan and collagen degradation was monitored on
day 4 and day 14, respectively (Fig. 5). IL-1 caused an increase
in aggrecan degradation that was effectively blocked by the
aggrecanase inhibitor, suggesting that aggrecan degradation
induced by IL-1 is mediated by aggrecanase (Fig. 5A). In addi-
tion, the aggrecanase inhibitor caused a significant inhibition
in IL-1-induced collagen degradation (Fig. 5B). These data
suggest that retention of aggrecan by an aggrecanase inhibitor
may be effective in protecting type II collagen as well.

Because the aggrecanase inhibitor was present at a rela-
tively high concentration of 10 uM, we were concerned that the
compound may have broken selectivity for aggrecanase and
had some direct effect on collagenase activity. To test this
hypothesis, the compound was added on day 6, following ag-
grecan depletion. When added on day 6, ST109 had no effect on
collagen degradation measured on day 14 (Fig. 5B). These data
suggest that both aggrecan and collagen protection by the
aggrecanase inhibitor are through the inhibition of aggre-
canase, and not through inhibition of the MMPs involved in
collagen degradation.

Although these data suggest that inhibition of aggrecanase
leads to overall cartilage protection, degradation appears to be
only delayed. Inhibition of aggrecan breakdown was lost by day
6 of culture leading to eventual, although delayed, depletion of
aggrecan (data not shown). This loss of aggrecan protection was
associated with a loss of collagen protection in the same cul-
tures beginning at day 17 (Fig. 6). These data suggest that
ST109 may lack the potency required for long-term cartilage
protection in this aggressive model of cartilage degradation,
and/or that additional mechanisms may be involved in aggre-

can depletion. To evaluate these possibilities we employed a
second, selective, more-potent aggrecanase inhibitor.

ST154 is a selective aggrecanase inhibitor with improved
potency against aggrecanase (ST109 IC;, = 250 nm; ST154 ICy,
= 8 nM). When we evaluated ST154 in the cartilage explant
assay, aggrecan degradation was inhibited for a longer period,
which extended aggrecan protection (Fig. 7A). In fact, when
lower levels of IL-1 were used to stimulate cartilage break-
down, ST154 prevented aggrecan loss through the entire cul-
ture period of 21 days (Fig. 7B). The extended aggrecan pro-
tection seen with ST154 resulted in improved collagen
protection in the same cultures, with a decrease in collagen
release extended to 21 days (Fig. 84). This result was substan-
tiated by a maintenance of cartilage collagen content with
ST154 as determined by monitoring hydroxyproline levels in
papain-digested cartilage following 23 days in culture (Fig. 8B).

Although total collagen content in cartilage treated with the
aggrecanase inhibitor was similar to the control, the possibility
exists that denatured collagen fibrils are retained within the
matrix. To address this question, the cartilage was treated with
chymotrypsin to release any cleaved/denatured collagen fibrils
that were retained within the cartilage matrix (23), and the
cartilage was analyzed for hydroxyproline content. Evaluation
of native collagen content of the tissue following chymotrypsin
treatment (Fig. 8C) indicates that the collagen fibrils remain-
ing in the cartilage have been protected from cleavage in the
presence of the selective aggrecanase inhibitor.

DISCUSSION

The data presented herein is the first direct demonstration
that cartilage aggrecan serves to protect type II collagen from
enzymatic cleavage. We demonstrate that 1) digestion of type II
collagen in freeze-thawed cartilage by incubation with colla-
genase is dramatically less using cartilage where the normal
aggrecan is intact than in cartilage in which the aggrecan has
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Fic. 5. Effect of an aggrecanase inhibitor on matrix degradation. Bovine nasal cartilage explants were incubated without or with IL-1 (20
ng/ml) for 14 days with or without the aggrecanase inhibitor, ST109 (10 um), added either on day 0 at the time of IL-1 addition or at day 6 following
depletion of aggrecan by IL-1. Media were evaluated at day 4 for aggrecan degradation products (A) and at day 14 for collagen degradation products
(B). HP, hydroxyproline; GAG, glycosaminoglycan. *, significantly different from IL-1 alone at p < 0.05.
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Fic. 6. Loss of effect of an aggrecanase inhibitor on collagen
degradation over time. Bovine nasal cartilage explants were incu-
bated with IL-1 (20 ng/ml) for 20 days with or without the aggrecanase
inhibitor, ST109 (10 um), added on day 0 at the time of IL-1 addition,
and media were evaluated on day 10—20 for collagen degradation prod-
ucts. HP, hydroxyproline.

been depleted by treatment with trypsin; 2) a selective aggre-
canase inhibitor is capable of blocking cleavage of collagen in
IL-1-stimulated cartilage explants; 3) inhibition of collagen
depletion corresponds with inhibition of aggrecan depletion;
and 4) direct inhibition of collagenase activity is not responsible
for the observed effect. Thus, these data support the notion that
selective inhibitors of aggrecanase may lead to overall cartilage
protection by blocking both the degradation of aggrecan and
type II collagen.

One question raised by the inhibition of type II collagen
degradation in response to selective aggrecanase inhibitors is
whether aggrecanases may contribute directly to type II colla-
gen breakdown through enzymatic digestion of the fibrils.
Based on our data showing that type II collagen degradation
can be completely blocked by addition of an MMP inhibitor 6—8
days after initiation of IL-1 stimulation, it is unlikely that
aggrecanases contribute to the initial cleavage of the collagen
fibril. During this early period, aggrecanases are clearly active
as evidenced by the digestion of aggrecan, but little or no
degradation of collagen has been detected in the early stages of
this model (8, 29, 30). In addition, studies have shown that
incubation of purified aggrecanases with type II collagen did
not result in cleavage (31).2 These data suggest that aggre-
canases are not directly involved with type II collagen break-

2 M. D. Tortorella and E. C. Arner, unpublished observations.

down and support the hypothesis that the protection of collagen
by aggrecanase inhibitors is through protection of the aggrecan
matrix.

Although the compounds tested in this system are nanomo-
lar inhibitors of the bovine aggrecanase enzymes, concentra-
tions in the micromolar range were required to see full protec-
tion of aggrecan and collagen. There are several factors that
may potentially contribute to this discrepancy between the two
systems in this in vitro model of accelerated cartilage matrix
destruction, including local concentrations of enzyme, access of
inhibitors to the cartilage matrix, etc. This does not necessarily
imply that such high concentrations would be required in vivo,
as this IL-1-stimulated bovine nasal cartilage explant system
represents an example of aggressive cartilage degradation. The
serum-free conditions used in this assay, combined with the
high concentrations of IL-1 with repeated exposure to fresh
cytokine results in a highly robust degradative model. The
cartilage undergoes both aggrecan and collagen depletion in a
matter of weeks. In contrast, the destruction of cartilage due to
osteoarthritis occurs over many years. The fact that the degra-
dative events leading to cartilage dissolution occur in a matter
of weeks in this system suggests a dramatically accelerated
destruction.

Our data, consistent with previous reports (8, 29), demon-
strate that aggrecan degradation precedes collagen degrada-
tion during stimulated cartilage breakdown in explant cul-
tures. The delay in collagen breakdown in these cultures
appears to be inconsistent with the finding that many MMPs,
including those capable of degrading type II collagen, are in-
duced in response to IL-1 in cartilage explants. One explana-
tion for this finding is that the proteases responsible for colla-
gen degradation are not active in the early cultures. Reports
that metalloproteinases, induced in response to IL-1 in explant
cultures at the early timepoints, are present in the media as
zymogens (16, 29, 32). However, in studies evaluating MMP-3
production in this system, we showed that, although only the
zymogen was detected in the media, the active form could be
detected within the cartilage at early time periods (33). An-
other potential explanation for the lack of MMP activity in the
early phase of these cultures is that the active form of the
enzymes are generated but that they are complexed to a matrix
component or to an endogenous inhibitor such as one of the
tissue inhibitor of metalloproteinases. Finally, these data are
consistent with the hypothesis that aggrecan may be serving to
protect collagen from proteolytic cleavage.

There has been much circumstantial evidence over the past
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Fic. 7. More potent selective aggrecanase inhibitor retains
protection of aggrecan. Bovine nasal cartilage was incubated in
control media (squares), IL-1 (circles), or IL-1 plus the selective aggre-
canase inhibitor, ST154 (¢triangles), and media were removed and re-
placed with fresh treatments every 2-3 days. Media were analyzed for
aggrecan degradation products and cumulative glycosaminoglycan
(GAG) released per mg wet weight cartilage are plotted versus time of
incubation using an IL-1 stimulus of 5 ng/ml (A) or 2 ng/ml (B).

10 years suggesting that aggrecan may play a protective role in
preventing collagen loss from cartilage. Histopathological eval-
uations of osteoarthritic cartilage have consistently shown loss
of aggrecan in regions of the cartilage where a decrease in
collagen is detected (6, 34), and loss of aggrecan staining has
been detected in regions of cartilage showing no detectable
collagen loss, consistent with the hypothesis that aggrecan loss
may precede collagen degradation. Several cartilage explant
studies (8, 29, 30), including the present work, have illustrated
that there is no dramatic loss of collagen until the majority of
the aggrecan has been lost from the cartilage. Although there
have been a number of hypotheses as to the reason for this
sequence of events, no conclusive data have been generated.
We have now shown that the preservation of aggrecan pre-
vents proteolytic cleavage of cartilage type II collagen. How-
ever, the mechanism by which aggrecan protects collagen from
enzymatic degradation remains to be elucidated. One possibil-
ity is that aggrecan may protect collagen from degradation by
providing an alternative substrate for proteases involved with
collagen degradation. Although several of the MMPs have been
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Fic. 8. Prolonged aggrecan protection by potent, selective ag-
grecanase inhibitor extends time of inhibition of collagen deg-
radation. Media from the study shown in Fig. 7A were analyzed for
collagen degradation products on day 21 (A). On day 23, papain digests
of the cartilage explants were analyzed for hydroxyproline (HP) content
as a measure of total collagen content (B) or native collagen content by
first incubating with chymotrypsin to release any cleaved/denatured
collagen prior to papain digestion (C). *, significantly different from
IL-1 alone at p < 0.05.
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Fic. 9. Proposed mechanism of collagen protection by preser-
vation of aggrecan. Interaction of collagen fibrils with the KS-rich
region of multiple aggrecan molecules would position the collagen fibril
in such a manner that it would be protected by the highly sulfated
CS-rich regions of aggrecan preventing access to the fibril (A). Cleavage
of the aggrecan within the interglobular domain between G1 and G2
releases the protective C-terminal portion of the aggrecan monomers,
thus exposing the type II collagen fibril for cleavage by collagenases (B).
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shown to be capable of cleaving aggrecan, they are much less
efficient in cleaving this substrate than in cleaving collagen as
well as several logs less potent than aggrecanases in cleaving
aggrecan. These data, together with the lack of detection of
MMP-generated aggrecan neoepitopes either in the media or
cartilage in this or similar explant systems (15, 17, 25, 26, 32,
35), suggest that this is not a viable explanation. Alternatively,
the aggrecan molecules may physically protect the type II
collagen by preventing access of the proteases. In normal car-
tilage these matrix molecules are so tightly associated that
they require denaturing solvents for extraction, and histochem-
ical studies have indicated a close spatial relationship between
proteoglycans and collagen in articular cartilage (36) as well as
in other tissues (37, 38). More recent studies from Hedlund et
al. (9) demonstrate that the KS-rich region of aggrecan binds
type II collagen, and that the aggrecan KS-rich region was
preferentially localized within the proximity of collagen fibrils
of bovine articular cartilage. The data from these studies
strongly suggest that located within the aggregate, the collagen
fibrils interact with proteoglycan aggregates near the central
hyaluronan core. This type of interaction via the KS-rich region
of multiple aggrecan molecules would position the collagen
fibril in such a manner that it may be protected by the highly
sulfated CS-rich regions of the aggrecan preventing access to
the fibril (Fig. 9A). If this is the case, then cleavage of the
aggrecan within the interglobular domain between G1 and G2
by the aggrecanases would release the protective C-terminal
portion of the aggrecan monomers, thus exposing the type II
collagen fibril (Fig. 9B).

In conclusion, our studies indicate that cartilage aggrecan
plays a protective role in preventing degradation of type II
collagen fibrils, and suggests that this is due to interference
with the ability of collagenases to cleave the collagen fibrils in
situ within the cartilage matrix. In addition, the data provided
herein suggest that a selective aggrecanase inhibitor will im-
part overall cartilage protection by inhibiting both aggrecan
and collagen breakdown.

Acknowledgments—We thank Drs. Thomas Schmid, Ada Cole, and
Klaus Kuettner for their help and guidance in setting up the hy-
droxyproline assay. We also thank Liana Bauerle, Diane Lombardo,
Julian Austin, and John Giannaras for expert technical assistance.

REFERENCES

1. Tortorella, M. D., Burn, T. C., Pratta, M. A., Abbaszade, 1., Hollis, J. M., Liu,
R., Rosenfeld, S. A., Copeland, R. A., Decicco, C. P., Wynn, R., Rockwell, A.,
Yang, F., Duke, J. L., Solomon, K., George, H., Bruckner, R., Nagase, H.,
Itoh, Y., Ellis, D. M., Ross, H., Wiswall, B. H., Murphy, K., Hillman, M. C.,
Jr., Hollis, G. F., and Arner, E. C. (1999) Science 284, 16641666

2. Abbaszade, 1., Liu, R.-Q., Yang, F., Rosenfeld, S. A., Ross, O. H., Link, J. R.,

Ellis, D. M., Tortorella, M. D., Pratta, M. A., Hollis, J. M., Wynn, R., Duke,
J. L., George, H. J., Hillman, M. C., Jr., Murphy, K., Wiswall, B. H,,
Copeland, R. A., Decicco, C. P., Bruckner, R., Nagase, H., Itoh, Y., Newton,
R. C., Magolda, R. L., Trzaskos, J. M., Hollis, G. F., Arner, E. C., and Burn,
T. C. (1999) J. Biol. Chem. 274, 23443-23450

. Maroudas, A. 1. (1976) Nature 260, 808809

. Hardingham, T. E., and Fosang, A. J. (1995) J. Rheumatol. Suppl. 43, 86-90

. Mankin, H. J., and Lippiello, L. (1970) J. Bone Joint Surg. Am. 52, 424434

. Hollander, A. P., Pidoux, I., Reiner, A., Rorabeck, C., Bourne, R., and Poole,

D Uk W

45545

A. R. (1995) J. Clin. Invest. 96, 2859—-2869
7. Ellis, A. J., Curry, V. A., Powell, E. K., and Cawston, T. E. (1994) Biochem.
Biophys. Res. Commun. 201, 94-101
8. Kozaci, L. D., Buttle, D. J., and Hollander, A. P. (1997) Arthritis Rheum. 40,
164-174
9. Hedlund, H., Hedbom, E., Heineg, r. D., Mengarelli-Widholm, S., Reinholt,
F. P., and Svensson, O. (1999) «J. Biol. Chem. 274, 5777-5781
10. Vincenti, M. P., Clark, I. M., and Brinckerhoff, C. E. (1994) Arthritis Rheum.
37, 1115-1126
11. Mitchell, P. G., Magna, H. A., Reeves, L. M., Lopresti-Morrow, L. L., Yocum,
S. A., Rosner, P. J., Geoghegan, K. F., and Hambor, J. E. (1996) J. Clin.
Invest. 97, 761-768
12. Billinghurst, R. C., Dahlberg, L., Ionescu, M., Reiner, A., Bourne, R., Rorabeck,
C., Mitchell, P., Hambor, J., Diekmann, O., Tschesche, H., Chen, J., van
Wart, H., and Poole, A. R. (1997) J. Clin. Invest. 99, 1534-1545
13. Dahlberg, L., Billinghurst, R. C., Manner, P., Nelson, F., Webb, G., Ionescu,
M., Reiner, A, Tanzer, M., Zukor, D., Chen, J., Van Wart, H. E., and Poole,
A. R. (2000) Arthritis Rheum. 43, 673—682
14. Lark, M. W., Gordy, J. T., Weidner, J. R., Ayala, J., Kimura, J. H., Williams,
H. R., Mumford, R. A., Flannery, C. R., Carlson, S. S., Iwata, M., and Sandy,
J. D. (1995) J. Biol. Chem. 270, 2550-2556
15. Arner, E. C., Hughes, C. E., Decicco, C. P., Caterson, B., and Tortorella, M. D.
(1998) Osteoarthritis Cartilage 6, 214228
16. Arner, E. C., Pratta, M. A., Decicco, C. P., Xue, C. B., Newton, R. C., Trzaskos,
J. M., Magolda, R. L., and Tortorella, M. D. (1999) Ann. N. Y. Acad. Sci. 878,
92-107
17. Gazzinelli, R. T., Wysocka, M., Hieny, S., Scharton-Kersten, T., Cheever, A.,
Kiihn, R., Miiller, W., Trinchieri, G., and Sher, A. (1996) J. Immunol. 157,
798-805
18. Yao, W., Wasserman, Z. R., Chao, M., Reddy, G., Shi, E., Liu, R. Q., Covington,
M. B., Arner, E. C., Pratta, M. A, Tortorella, M., Magolda, R. L., Newton,
R., Qian, M., Ribadeneira, M. D., Christ, D., Wexler, R. R., and Decicco,
C. P. (2001) JJ. Med. Chem. 44, 3347-3350
19. Xue, C. B, Cherney, R., Deccico, C., DeGrado, W., He, X., Hodge, C., Jacobson,
1., Magolda, R. L., and Arner, E. (May 22, 1997) U. S. Patent W09718207
A2
20. Arner, E. C., and Pratta, M. A. (1989) Arthritis Rheum. 32, 288297
21. Farndale, R. W., Sayers, C. A., and Barrett, A. J. (1982) Connect. Tissue Res.
9, 247-248
22. Creemers, L. B., Jansen, D. C., Van Veen-Reurings, A., Van den Bos, T., and
Everts, V. (1997) BioTechniques 22, 656—658
23. Hollander, A. P., Heathfield, T. F., Webber, C., Iwata, Y., Bourne, R.,
Rorabeck, C., and Poole, A. R. (1994) J. Clin. Invest. 93, 1722-1732
24. Arner, E. C., Pratta, M. A., Trzaskos, J. M., Decicco, C. P., and Tortorella,
M. D. (1999) J. Biol. Chem. 274, 6594—6601
25. Taylor, P. C., Chapman, P., Elliott, M. J., Schaible, T. F., Peters, A. M.,
Feldmann, M., and Maini, R. N. (1997) Arthritis Rheum. 40, S80
26. Pratta, M. A., Tortorella, M. D., Newton, R. C., Trzaskos, J. M., Magolda, R. L.,
Decicco, C. P., Schumaker, B., Kuettner, K. E., Cole, A. A, and Arner, E. C.
(1998) Trans. Orthop. Res. Soc. 23, 81
27. Yasuda, T., and Poole, A. R. (2002) Arthritis Rheum. 46, 138—148
28. Bottomley, K. M., Borkakoti, N., Bradshaw, D., Brown, P. A., Broadhurst,
M. J., Budd, J. M., Elliott, L., Eyers, P., Hallam, T. J., Handa, B. K., Hill,
C. H., James, M., Lahm, H. W., Lawton, G., Merritt, J. E., Nixon, J. S.,
Rothlisberger, U., Whittle, A., and Johnson, W. H. (1997) Biochem. <J. 323,
483-488
29. Beekman, B., Verzijl, N., de Roos, J. A. D. M., and Tekoppele, J. M. (1998)
Osteoarthritis & Cartilage 6, 330—-340
30. Little, C. B., Hughes, C. E., Curtis, C. L., Janusz, M. J., Bohne, R., Wang-
Weigand, S., Taiwo, Y. O., Mitchell, P. G., Otterness, I. G., Flannery, C. R.,
and Caterson, B. (2002) Matrix Biol. 21, 271-288
31. Nagase, H. (2001) Connect. Tissue 33, 27-32
32. Stanton, H., Ung, L., and Fosang, A. J. (2002) Biochem. <J. 364, 181-190
33. Tortorella, M. D., Trzaskos, J. M., Magolda, R. L., and Arner, E. C. (1995)
Trans. Orthop. Res. Soc. Meet. 20, 341
34. Visco, D. M., Johnstone, B., Hill, M. A., Jolly, G. A., and Caterson, B. (1993)
Arthritis. Rheum. 86, 1718—-1725
35. Little, C. B., Hughes, C. E., Curtis, C. L., Jones, S. A., Caterson, B., and
Flannery, C. R. (2002) Arthritis Rheum. 46, 124129
36. Orford, C. R., and Gardner, D. L. (1984) Connect. Tissue Res. 12, 345-348
37. Scott, J. E. (1991) Int. J. Biol. Macromol. 13, 157-161
38. Fleischmajer, R., Fisher, L. W., MacDonald, E. D., Jacobs, J. L., Perlish, J. S.,
and Termine, J. D. (1991) J. Struct. Biol. 106, 82-90
39. Knight, C., Willenbrock, F., and Murphy, G. (1992) FEBS Lett. 296, 263—-266



	Aggrecan Protects Cartilage Collagen from Proteolytic Cleavage*
	EXPERIMENTAL PROCEDURES
	RESULTS
	DISCUSSION
	References


