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Summary. Bl-int eg rin s we re found in th e ca rtil age 
matri x, suggesting their implica tion in the assembly of 
its architectural sca ffold , but the mechani sm fo r thi s 
event is not yet clea r. 

Matrix metalloproteinases (MMPs) may be involved 
in an int egrin -shedding mechani sm and matri x 131-
integrins may ac t to alter MMP activity. To begin to 
address thi s qu es ti o n, thi s s tud y was des ig ned to 
determin e wheth er B1-in teg rin s and MMPs arc co ­
locali zed in th e chondrocy tes or in the ex trace llul ar 
matrix of cartil age. 

We investigated high-densit y cultures of limb buds 
of 12-day -o ld mo use embryos by double immuno­
flu o re ce nce, immun oe lectron mi crosco py and by 
co immunoprccipitation assays in order to exa mine the 
loca li za ti o n o f Bl-int eg rin s and matri x me ta ll o ­
proteinases (MMP-1 , MMP-3 and MMP-9) in cartilage. 

It was found , that all investigated MMPs and 13 1-
integrins we re specifically co-loca lized in high-density 
cartil age cultures. Immunogold and immunofluorescence 
labelling of both B1-integrins and MMPs were observed 
not only at the surface of chondrocy tes but mainl y also 
in th e perice llul a r space a nd di s tributed be tw ee n 
co ll agen fibril s in th e ex trace llular matrix (ECM) as 
we ll. Res ult s o f immun oprecipita ti o n ex pe rim ent s 
sugges t a fun cti onal assoc iati on of MMPs and 13 L­
integrins in chondrocytes as already described fo r other 
ce ll types. 

Further inves tiga tions are needed to elu cidate the 
fun ctional association between Bl-integrins and MMPs 
in chondrocy tes. 
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Introduction 

Multicellul ar organisms are able to function onl y if 
cell and ex tracellular matri x (ECM) wo rk together. In 
this cooperation, int egrin s pl ay an import ant role as 
rece pto rs, wh ereas matri x co mp o ne nt s fun c ti o n 
as li ga nd s. Ma trix deg radin g e nz ymes lik e 
MMPs are in vo lve d in adapti o n, modul a tion and 
turn ove r processes . Without th eir parti cipati on thi s 
system would be inflex ible, not versa tile and thus not 
viable. 

Integrins are transmembrane proteins that exhibit as 
adh es io n rece pto rs a nd pl ay an impo rt ant ro le as 
signalling receptors (Hynes, 1992) . Signals ge nerated 
from ligand-integrin interactions are propagated via the 
int eg rin cy to pla smi c ta il s to s ig nal tr ansdu c ti o n 
pa thw ays within th e ce ll (o ut s id e -in s ig na lling) . 
Information from within the cell can also be transmitted 
to the outside via integrin affinity modul ation (inside-out 
s ignalling) (Lon g hurst and Jennings, 1998). Pro tein 
tyrosine phosphorylation has a central ro le in integrin­
initi a ted ce ll s ig na llin g, lea din g to cy tos ke le ta l 
orga niza tion and foca l adh esion form ation (Longhurst 
and Jennings, 1998). Many cellular events are affected 
by integrin-m ediated signalling including cell motilit y, 
cell divi sion, ce ll differentiation and programmed cell 
death (Howe et al. , 1998). 

Bl-integ rin s a re impo rt ant fo r ce ll /ce ll and 
ce ll/extrace llular matrix interactions in vari ous ti ssues 
including cartil age (Albeda and Buck, 1990; Loese r et 
al. , 1995; Shakibaei et al. , 1995, 1997; Shakibae i, 1998). 
Chondrocyte adhes ion on native collagens type I and 
type II , fibronectin and laminin was blocked by anti-Bl­
antibodies (Durr et al. , 1993; Shakibaei et al. , 1997). We 
have previously demonstrated that 13 I -integrins are not 
res trict ed to th e ce ll surface, as th ey co uld be 
demonstrated on collagen fibril s in the cartil age matrix 
(Sh akibae i et al. , 1995; Shakibaei and Merker, 1999). 
Thc fun cti on and ori gin of integrins in th e cartil age 
matrix are still not elucidated. A secretion mechanism or 
a shedding mechanism of extracellular domains or of the 
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whole molecules have been discussed as possible 
explanations. An ectodomain shedding mechanism has 
been described for growth factors and growth factor 
receptors, which changes the biological activities of 
membrane proteins. This ectodomain shedding of 
growth factors was mediated by ADAMs proteinases 
(adamalysin-related membrane proteinases) that contain 
a metalloprotease domain (Black et aI. , 1997; Izumi et 
aI. , \998). Integrins can physically associate with growth 
factor receptors and caveolins evidenced by 
coimmunoprecipitation and immunofluorescent co­
localization (Howe et aI., 1998; Shakibaei et aI., 1999; 
Schwabet al., 2000). 

Matrix metalloproteinases (MMPs) mediate 
extracellular matrix remodelling/turn over by degrading 
extracellular matrix macromolecules (Schmitz et aI., 
1996). They are expressed as inactive zymogens and 
require activation. Activation of MMPs occurs by the 
removal of an aminoterminal domain by autoactivation, 
by other proteinases or by other MMPs (Schmitz et aI., 
1996; Horton et aI., 1998; Yong et aI., 1998). Often 
several proteinases, MMPs, membrane type (MT)­
MMPs or tissue inhibitor of MMPs (TIMPs) are 
involved in activation ("activation cascade"). The 
activation apparatus is localized on the surface of the 
cell and an important consequence of this is that 
proteolysis is greatest in the immediate pericellular 
environment, where it can influence cell-cell and cell ­
ECM interactions (Yong et aI., 1998). MMP-1, MMP-3 
and MMP-9 are reported to be increased in osteoarthritic 
cartilage (Freemont et aI., 1997; Horton et aI., 1998; 
Saito et aI., 1998). 

Proteolysis of ECM proteins alters integrin-mediated 
anchorage, focal adhesions, cytoskeletal architecture and 
signalling molecules like focal adhesion kinase (FAK), 
paxillin, talin, etc. Binding of cleaved ECM fragments 
by integrins also activates different pathways (Werb, 
1997). The proteolytic events are exquisitely regulated 
and confined to localization of enzymes to receptors, 
adhesion sites or invasive protrusions of cells (Werb, 
1997). Several examples of co-localization and 
functional association of MMPs and integrins in cell 
types other than cartilage exist, resulting in a modulation 
of cell surface integrin-ECM interactions by MMP 
activity (Brooks et al. , 1996, 1998; Bafetti et al., 1998). 
Besides these further functions of the integrin-MMP 
interaction were suggested for example in cell migration 
(Preissner et aI., 1997; Murphy and Gavrilovic, 1999; 
Werb et aI., 1999). Therefore it is important to further 
investigate the functional association of MMPs and 
integrins. 

We have found a specific co-localization of 131-
integrins and MMPs in chondrocytes by immunogold 
and immunofluorescence labelling and by coimmuno­
precipitation assays. MMPs and f31-integrin clusters 
were found in the pericellular space and on the cell 
surface but also between collagen fibrils in the 
extracellular matrix in cartilage. 

Materials and methods 

Materials 

Primary antibodies 

The polyclonal antibodies against the cytoplasmic 
domain of 131-integrin were purchased from Chemicon 
(Chemicon International, Inc., USA) or kindly provided 
by Dr. Giancotti (Cellular Biochemistry and Biophysics 
Program, Memorial Sloan-Kettering Cancer Center, New 
York), as previously described (Giancotti and Ruoslahti, 
1990). The monoclonal anti-MMP-1 , -MMP-3 and -
MMP-9 antibodies (IgG) recognizing both proenzyme 
and activated enzyme were obtained from R&D Systems 
(Abingdon, UK). Based on western blot results, these 
antibodies show no cross-reactivity with other MMPs. 

Secondary antibodies 

The secondary gold-labelled antibodies were 
purchased from Amersham (Brunswick, FRG) and the 
secondary FITC- and rhodamine-labelled antibodies 
from Dianova (Hamburg, FRG). The secondary antibody 
conjugated to alkaline phosphatase was obtained from 
Boehringer (Mannheim, FRG). 

Methods 

Cell culture 

Cells were obtained as previously described 
(Shakibaei et aI., 1993, 1995; Shakibaei and Merker, 
1999). Briefly, limb buds of day 12 mouse embryos were 
rinsed in Hank's salt solution followed by incubation in 
Ca++- and Mg++-free solution with 0.2 % dispase 
(Rocher, FRG). Ham's F-12 growth medium was added 
and the suspension was homogenized by pipetting and 
subsequently filtrated through a nylon mesh with a pore 
diameter of 20 Ilm. The cells were centrifuged (600 rpm) 
for 10 min, and the cell sediment was resuspended in 
medium. Ten It! of the cell sediment (-2x106 cells) was 
pipet ted onto a membrane filter. The high-density 
cultures of limb bud mesenchymal cells were incubated 
under 5% CO2 at 37°C at the medium air interface. 
After a seven-day culture period of limb bud blastemal 
cells from 12-day-old mouse embryos at high-density, 
cartilage nodules had developed. Chondrocyte nodules 
of various sizes were surrounded by a perichondrium 
consisting of a few layers of fibroblast-like cells . The 
cartilage cells were round or polygonal with small 
cuspidal processes. 

Immunoprecipitation 

Immunoprecipitation was carried out as previously 
described (Shakibaei et aI., 1999). Briefly, samples were 
rinsed in PBS before extraction via lysis buffer (50 mM 
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Tris-HCI pH 7.2, 150 mM NaCI, 1 % Triton X-lOO, 1 
mM sodium orthovanadate, 50 mM sodium 
pyrophosphate , 100 mM sodium fluoride, 0.01 % 
aprotinin, 4 ,uglml pepstatin A, 1 ,uglml leupeptin, 1 mM 
phenylmethyl-sulphonylfluoride " PMSF") on ice for 30 
min. The cell extract was centrifuged at 13000 rpm for 
30 min and cell debris was removed. The bicinchonic 
acid system (Pierce, Rockford, IL, USA) was used for 
protein determination. 

For immunoprecipitation the Iysates were precleared 
by incubation with 25 ,ul of normal rabbit or mouse IgG­
serum and Staphylococcus aureus (5. aureus) cells 
(Sigma, Munich, FRG). Primary antibodies against 
MMP-1, MMP-3, MMP-9 and the cytoplasmic domain 
of B l-integrin were diluted in washing buffer (0.1 % 
Tween 20, 150 mM NaCI, 50 mM Tris-HCI, pH 7 .2, 1 
mM CaCI2, 1 mM MgCI2, 1 mM PMSF) and Iysates 
were incubated with primary antibodies (2 h at 4 0C) and 
with S. aureus cells (1 h at 4 °C). Some samples were 
also incubated with rabbit anti-mouse IgG alone as 
controls. S. aureus cells were washed five times with 
washing buffer and once with 50 mM Tris-HCI, pH 7.2. 
Finally the cells were boiled in SDS-PAGE (sodium 
dodecyl sulfate polyacrylamide gelelectrophoresis) 
sample buffer. To examine whether integrins can interact 
with MMP-I, MMP-3 and MMP-9 in chondrocytes, 
coimmunoprecipitation assays were performed. We used 
here anti-integrin antibodies recognizing the intracellular 
domain to answer the question whether the integrins in 
the matrix represent ectodomains formed after shedding, 
or complete integrins. After immunoprecipitation with 
anti-MMP-l , -3 and -9 antibodies, the samples were 
probed by immunoblotting with anti -cytoplasmic 
domain of B1-integrin antibodies and vice versa , and 
after immunoprecipitation with anti-cytoplasmic domain 
of Bl-integrin antibodies, samp les were probed with 
anti-MMP-l, -3 and -9 antibodies. 

Immunoblotting 

Samples were separated by SDS-PAGE (7.5 % gels) 
under reducing conditions . Proteins were transferred 
onto nitrocellulose and blocked with 5% (w/v) skimmed 
milk powder in PBS/O.I % Tween 20 overnight at 4 °C 
Incubation with primary antibodies (anti-cytoplasmic 
domain of B1-integrin and anti -MMP-l , -MMP-3, 
-MMP-9) diluted in blocking buffer for 1 h at room 
temperature (RT) followed. Membranes were washed in 
blocking buffer and then incubated with alkaline 
phosphatase-conjugated secondary antibody diluted in 
blocking buffer for 30 min at RT. N·ter that membranes 
were washed in blocking buffer and in O.lM Tris pH 9.5 
containing 0.05M MgCI2 and 0.1 MNaCI. Specific 
immuncomplexes were detected using nitro blue 
tetrazolium and 5-bromo-4-chloro-3-indoylphosphate (p­
toluidine salt; Pierce, Rockford, IL, USA) as substrates. 

Immunofluorescence 

The seven-day -old high-density cultures were 

embedded in G.CT. solution (Bayer, Munich, FRG) and 
immediately frozen in liquid nitrogen. For double 
immunolabelling 10 ,urn-thick sections were fixed in 
methanol and rinsed in PBS for 3x5 min. Incubation 
with the first primary antibodies (anti-cytop lasmic 
domain of B1-integrin antibody, diluted 1:50 in PBS) 
was for 1 h at RT and with the first secondary antibody 
goat-ant i-rabbit immunoglobulin conjugated with FITC, 
diluted 1:50 (GAR-FITC) for 1 h at RT. The sections 
were incubated with the second primary antibodies (anti­
MMP antibodies, diluted 1:50 in PBS) for 1 hat RT and 
with the second secondary antibody goat-ant i-mouse 
immunoglobulin conjugated with rhodamine, diluted 
1 :50 (GAM-rhodamine) for 1 h at RT. Each step was 
followed by washing. The sections were examined under 
a light microscope (Axiophot 100, Zeiss, FRG). 

Immunoelectron microscopy: Double immunolabelling 
against MMPs and cytoplasmic domain of B 1-integrin 
(postembedding technique) 

The seven- and fourteen-day-old cultures were fixed 
in 3% paraformaldehyde or 0.25 % glutaraldehyde in 
PBS for 1 h, washed overnight in PBS/ BSA, and 
gradually dehydrated in ethanol followed by embedding 
in LR-White (London Resin, Plano, Marburg, FRG). 
Ultrathin sections were placed on nickel gr id s. For 
double immunolabelling the sections were pretreated 
with hyaluronidase (1 mg/ ml) for 10 min at RT. 
Subsequently, the sections were washed and incubated 
with 1% bovine serum albumin (BSA) in O.OIM PBS, 
pH 7.0 and 0.5 % Tween, at RT for 10 min. The sections 
were incubated with the first primary antibodies (normal 
rabbit IgG or anti-cytoplasmic domain of Bl-integrin 
antibody) at a dilution of 1:40 in the PBS/BSA{fween 
solution overnight at 4 °C and with first secondary 
antibody conjugated with goat anti-rabbit immuno­
globulin with 10 nm gold particles (1:30) for 1 h at RT. 
Every incubation step was followed by washing in 
PBS/BSA/Tween. After incubation with the second 
primary antibodies (against MMP-1, MMP-3 and MMP-
9) at a dilution of 1:40 in PBSIBSA/Tween overnight at 
4 °C and with the second secondary antibody conjugated 
with goat anti-mouse immunoglobulin with 5 nm gold 
particles (1:30) for 60 min at RT the sections were 
washed and fixed (J % glutaraldehyde) for 10 min at RT. 
Then they were contrasted with an aqueous saturated 
solution of 5% uranyl acetate for 20 min, osmium 
tetroxide for 5 min and 1% tannic acid for 30 min at RT. 
For inspection a Zeiss EM 10 electron microscope was 
used. 

Results 

At day 3 high-density cultures of prechondrogenic 
mesenchymal cells from limb buds develop carti laginous 
tissue that contains typical components of the 
cartilaginous matrix such as collagen type II and 
cartilage-specific proteoglycans. The formation of 
cartilage-specific matrix and cell surface expression of 
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f31-integrins increased in culture from day three to seven. 
The morphology of the matrix corresponded to that of 
embryonic cartilage (Shakibaei et aI., 1993, 1995 ; 
Shakibaei, 1998). 

Immunofluorescence microscopy 

The high-density cultures were simultaneously 
labelled with anti-cytoplasmic domain of f31-integrin, 
anti-MMP-l, -MMP-3 and -MMP-9 antibodies: l31-
integrin labelling was found in both the perichondrium 
and the cartilage (Fig. lA,C,E) in agreement with other 
investigations (Shakibaei et aI., 1995; Shakibaei and 
Merker, 1999). In the perichondrium (mesenchymal 

cells) and between the nodules , integrin-Iabelling was 
homogenous. In the cartilage nodules the labelling was 
restricted to the cell surface or the immediate pericellular 
space. MMP labelling exhibited the same distribution as 

• anti-cytoplasmic domain of f31-integrin-Iabelling . There 
was no difference in the distribution of immunoreactive 
MMP-l (Fig. 18), MMP-3 (Fig. 1 D), or MMP-9 (Fig. 
IF). Cytoplasmic domain of f31-integrin was detected 
with FITC, and MMP labelling with rhodamine-labell ed 
secondary antibody. 

Immunoelectron microscopy 

Jmmunogold labelling with anti-MMP-1 and anti-

Fig. 1. Double 
immunofluorescence 
labelling of MMPs and 
cytoplasmic domain of 
fl1 -i ntegrin. Cy10plasmic 
domain of fl1-integrin (A, 
C, E) is detected with 
FITC and MMP-1 (8). 
MMP-3 (D), MMP-9 (F) 
labellings with rhodamine­
labelled secondary 
antibody exhibit almost 
the same distribution . 
Immunolabelling was 
found in both 
perichondrium and 
cartilage nodules. In the 
nodules (arrows) the 
labelling was restricted to 
the cell surface and 
immediate pericellular 
space. x 160 
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cytoplasmic domain of 81-integrin on day seven of the 
culture period was observed mainly on the cell 
membrane and outside the chondrocytes (Fig. 2A). The 
distribution of immunoreactive MMP-3 and MMP-9 
with immunoreactive 81-integrin was similar to that of 
MMP-l and 81-integrin (data not shown). The 
di s tribution was not affected by culture age since 

fourteen-day-old cultures were also investigated . 
Labelling with anti-MMP-3 and anti-cytoplasmic 
domain of 8]-integrin on day fourteen of the culture 
period was observed mainly on the cell membrane and 
outside the chondrocytes (Fig. 2B). The distribution of 
different MMP-l and MMP-9 and 81-integrin labellings 
did not differ from those found on day seven of the 

Fig. 2. 
Immunoelectron 
microscopic 
demonstration of 
MMp· l , after seven 
days (A) and of 
MMp·3 after fourteen 
days (8) in cartilage 
organoid culture. 
Double 
immunolabelling with 
anti-cytoplasmic 
domain of 131 -integrin 
antibody (10 nm gold 
particles: large 
arrows) and anti· 
MMP antibody (5 nm 
gold particles: small 
arrows). Both gold· 
labelled integrin and 
MMP antibodies are 
co·localized and 
concentrated to the 
cell membrane 
(arrowheads) as well 
as distributed in the 
ECM (*) between 
collagen fibrils. Only 

• few gold particles are 
observed in the 
cytoplasm of the 
chondrocytes (C) . 
n: nucleus. x 80,000. 
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culture period (data not shown). Almost everywhere, the 
large (anti-f31-integrin-coupled) and small (anti-MMP­
coupled) gold particles formed clusters (Fig. 2A,B). 
Many clusters were localized close to the cell surface but 
also between the irregular collagen fibrils in the 
pericellular space. The pretreatment with hyaluronidase 
increased the staining in the matrix and on the cell 
membrane, indicating that some s ites of integrins and 
MMPs were masked, as reported earlier (Shakibaei and 
Merker, 1999). No immunogold lab e llings were 
observed in negative controls with normal rabbit IgG. 
Taken together, these findings suggest that MMPs and 

A. 

IP: anti-MMP 
I C 3 C 9 
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IP: 81 C 81 C 
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IgH Q 

1 3 
Blot: anti-MMP 

.~ 

3 

81 

131-integrins are co-localized and are distributed in the 
extracellular matrix and on the chondrocyte membrane 
in cartilage. 

Coimmunoprecipitation assay 

Immunoprecipitates using the anti-MMP-1, -3 and -9 
antibodies contained 131-integrins that could be detected 
subsequently by immunoblotting as a specific doublet 
with apparent molecular weight of 110 kDa (Fig. 3A). 
Furthermore, immunoprecipitation using the 131-integrin 
antibody contained MMP-l , -3, and -9 that could be 

C 

C 

9 

-81-Integrin 

-MMP-9 

-MMP-3 
-MMP-l 

Fig. 3. Coimmunoprecip itation assays and 
immunoblotling of cytoplasmic domain of 131-
integrin and MMP -1, -3, and -9. 
Immunoprecipitates were separated and 
analysed by immunoblott ing with anti­
cy10plasmic domain of 131-integrin or anti-MMP 
antibodies. A. Immunoprecipitation with anti­
MMP antibodies or normal IgG serum followed 
by immunob lo tting with anti-cytoplasmic 
domain of 131-integrin antibody. 1: anti-MMP-l 
immunoprecipitate, 3: anti-MMP-3 immuno­
precipitate, 9: anti-MMP-9 immunoprecipitate, 
C samples precipitated with control antibody. 
B. Immunoprecipitation with anti-cytoplasmic 
domain of 131-integrin antibody (131) or control 
antibody (C) followed by immunoblotling with 
anti-MMP antibodies. 1: anti-MMP-l antibody; 
3: anti-MMP-3 antibody; 9: anti-MMP-9 
antibody. 
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detected subsequently by immunoblotting as specific 
bands of apparent molecular weights of 51, 57, and 92 
kDa, respectively (Fig. 3B). The results indicate that the 
131-integrins interact with MMP-1, -3 and -9 and the 131-
integrins in the matrix represent complete integrins. 
Samples precipitated with control antibodies did not 
reveal any specific bands (Fig. 3A,B). 

Discussion 

In the present study we used chondrocyte high­
density cultures because they reflect in vivo cartilage 
conditions more closely than monolayer cultures. 
Previous studies indicate that the morphology of the 
matrix corresponds closely to that of embryonic cartilage 
(Shakibaei et aI., 1993, 1995; Shakibaei, 1998), and that 
integrins are not restricted to the cell surface but rather 
can also be demonstrated on cOl\agen fibrils in the 
cartilage matrix by immunoelectron microscopy and 
immunoprecipitation assays of cell-free cartilage 
preparations (Shakibaei et aI. , 1993, 1995; Shakibaei and 
Merker, 1999). The findings of the present study confirm 
this phenomenon and show that immunoreactive 131-
integrins are also in extracellular matrix . Others have 
determined the presence or expression of MMP-1, 
MMP-3 and MMP-9 in cartilage (Freemont et aI. , 1997; 
Saito et aI., 1998). In this study we showed by electron 
microscopy that immunoreactive MMP-l, MMP-3 and 
MMP-9 are in cartilage, mainly in the pericellular space 
close to the cell surface. Because the antibodies used 
recognized both zymogen and activated MMP forms, in 
the present study we could not distinguish between 
zymogen and activated form. Our results suggest that 
one function of the MMPs involves an interaction with 
extracellular B1-integrins and MMPs may also be 
responsible for the shedding of Bl-integrin molecules. 
Indeed, it has been reported that a variety of cell 
membrane molecules can be secreted, such as heparan 
sulfate proteoglycans (syndecane) (Rapraeger et al. 
1986), cell adhesion molecules such as intercellular 
adhesion molecule-1 (ICAM-1) (Pigott et aI., 1992) and 
vascular cell adhesion molecule-1 (VCAM-1) (Pigott et 
aI., 1992). Furthermore, it is known that also other cell 
membrane receptors can be shed, such as cytokines and 
growth factor receptors (Rose-lohn and Heinrich, 1994) 
and the transferrin receptor (Chitambar et aI., 1991). 

This finding is in agreement with the function of 
MMPs. MMPs cleave ECM molecules and are important 
proteinases of ECM remodelling. MMP-l and MMP-3 
are involved in cartilage collagen degradation (Saito et 
aI. , 1998). MMPs are synthesized in the cytoplasm, 
activated at the cell surface and exported into the ECM 
(Freemont et aI., 1997; Yong et aI., 1998). By other 
investigators it was shown that MMPs were present in 
extracellular matrix vesicles by substrate gel 
electrophoresis and western blot analysis. Matrix 
vesicles are involved in maturation of cartilage ECM 
(Schmitz et aI., 1996). But in our study vesicles could 
not be found in the cartilage matrix by electron 

microscopy. We used here a postembedding technique 
(LR-white) for immunogold labelling. With this 
technique the classical tri-Iaminar cell membrane of 
chondrocyte is not evident and therefore no membrane 
surrounded vesicles like matrix vesicles can be 
distinguished. 

In this study we have shown by immunoelectron 
microscopic and immunofluorescence investigations a 
specific co-localization of B1-integrins and particular 
MMPs, implicating a functional association between 
MMPs and B1-integrins, which was then demonstrated 
by results of coimmunoprecipitation assays. The detailed 
functional association remains to be elucidated, but one 
can assume that the MMP/ integrin complex plays an 
important role in cell/matrix interactions of chondrocytes 
as described for other cell types (Brooks et aI. , 1996; 
Bafetti et aI., 1998). It requires further investigations to 
discover if or which other proteins participate in the 
integrin/ MMP complex . Furthermore, integrins are 
known to form complexes with many intracellular 
proteins and membrane proteins like the IGF-I receptor 
and caveolins (Shakibaei et aI., 1999; Schwab et aI. , 
2000,2001). 

Some indications for a functional association of 
MMPs and integrins in other cel\ types have been 
reported previously. It was found that MMP-2 and avB3 
(vitronectin receptor) are specifically co-localized and 
functionally associated on angiogenic blood vessels and 
melanoma cells in vivo (Brooks et aI., 1996). MMP-2 
binds in a proteolytically active form directly to integrin 
avB3 on the surface of invasive cells, facilitating cell­
mediated collagen degradation. The naturally occurring 
MMP-2 breakdown product (PEX) inhibits binding of 
MMP-2 to the vitronectin receptor (Brooks et aI., 1998). 
Integrin receptors are also involved in regulation of 
particular MMP gene expression. For example, the 
vitronectin receptor, participates in regulation of MMP-2 
at the transcriptional level in melanoma cells (Bafetti et 
aI., 1998). The fibronectin receptors (a5B 1 and a4(1) 
take part in regulation of MMP-l , MMP-3 and MMP-9 
in fibroblasts, and iritegrin a2131 is a positive regulator 
of collagenase MMP-1 and collagen a1 (I) gene 
expression (Werb et aI., 1989; Huhtala et aI. , 1995; 
Riikonen et aI., 1995). It is reported that cleavage of the 
B l-integrin subunit of the main collagen receptor in 
platelets by a metalloproteinase inhibits the interaction 
of platelets with collagen (Kamiguti et aI., 1997). 

At the moment we can only hypothesize about the 
functional association between MMPs and integrins in 
chondrocyte cultures. Perhaps MMPs affect also integrin 
signalling pathways passed through membrane-anchored 
integrins in chondrocytes as described for other proteins 
that co-localize with B1-integrins in chondrocyte 
cultures, for example, caveolins or the IGF-I receptor 
(Murphy and Gavrilovic, 1999; Shakibaei et aI., 1999; 
Schwab et aI., 2000, 2001). Signalling by integrins leads 
to activation of the Ras-MAP kinase signalling pathway 
in human chondrocytes. Previously, we showed that 
activation of the MAP kinase pathway regulates the 
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activity of a number of intracellular signalling proteins 
through phosphorylation and chondrocyte differentiation 
(Shakibaei et a!., 1999) . More recently, it has been 
shown that the specific inhibition of the MAP kinase 
signalling pathway leads to apoptosis of human 
chondrocytes in vitro (Shakibaei et a!., 2001). 

The question of how integrins get into the cartilage 
matrix has not been answered yet. Since we used anti­
B 1-integrin antibodies recognizing the intracellular c­
terminal domain we can exclude an ectodomain 
shedding comparable to ectodomain shedding of growth 
factors by MMPs, because the antibody would not 
recognize shedded ectodomains (Black et a!., 1997; 
Izumi et a!. , 1998). Evidently the whole Bl-integrin 
molecule or a part comprising the intracellular domain is 
released from the cell membrane and co-localized with 
MMPs in the ECM. Possibly, MMPs take part in or 
initiate this integrin release that enables chondrocytes to 
break off focal contacts to the ECM and may change 
integrin-mediated signalling. Is integrin shedding simply 
a mechanism for down-regulation of integrin receptors 
and how is it regulated? Integrin shedding may also be a 
result of apoptosis of chondrocytes. It has been reported 
that the loss of integrin-mediated ECM-anchorage can 
terminally result in apoptosis (Howe et a!., 1998). 
Perhaps released integrins in the ECM act as receptors 
for MMPs to direct and organize ECM remodelling (e.g. 
direct the collagen digestion, because integrins are 
distributed between the collagen fibrils) or to further 
activate MMPs or otherwise to alter MMP activity. 

The results of this study suggest a functional 
association of MMPs and B1-integrins. Further 
investigations are needed to answer some of the many 
questions that arise about the functional significance of 
this phenomenon for chondrocytes. 

Acknowledgements, The authors are indebted to Dr. A, Scheid for 

reviewing the manuscript. Mrs, Angelika Hartj ie's and Mrs, Angelika 

Steuer's technical assistance are gratefully acknowledged , This work 

was supported by the Deutsche Forschungsgemeinschaft (DFG Grants 

Sh 48/2-2. SH 48/2-3), 

References 

Albeda S,M, and Buck CA (1990), Integrins and other cell adhesion 
molecules, FASEB J, 4. 2868-2880, 

Bafelli L,M .• Young TN, . Itoh Y . Stack M,S, (1998), Intact vitronectin 

induces matrix metalloproteinase-2 and tissue inhibitor of 

metalloproteinase-2 expression and enhanced cellular invasion by 

melanoma cells, J. BioI. Chem, 273. 143-149, 

Black R.A ,. Rauch C,T,. Kozlosky C.J " Peschon J,J" Slack J .L" 

Wolfson M,F, . Castner B,J, . Stocking K,L.. Reddy p " Srinivasan S, ' 

Nelson N" Boiani N" Schooley KA, Gerhart M., Davis R" Fitzner 
j,N ,. Johnson R,S,. Paxton R,J " March C,J , and Cerretli D,P, 

(1997) . A metalloproteinase disintegrin that releases tumor-necrosis 

factor-a from cells. Nature 385, 729-733 , 

Brooks P,C ,. Stromblad S, . Sanders L,C " von Schalscha T,L,. Aimes 

R,T " Stetler-Stevenson W ,G" Quig ley J ,P, and Cheresh D,A, 

(1996), Local ization of metalloproteinase MMP-2 to the surface of 

invasive cells by interaction with integrin avB3. Cell 85, 683-693. 

Brooks P,C,. Siletti S,' von Schalscha T,L. . Friedlander M, and Cheresh 

DA (1998), Disruption of angiogenesis by PEX a noncatalytic 

metalloproteinase fragment with integrin binding activity, Cell 92, 

391-400, 

Chitambar C,R " Loebel A,L, and Noble NA (1991), Shedding of 

transferrin receptor from rat reticulocytes during maturation in vitro: 

soluble transferrin receptor is derived from receptor shed in vesicles, 

Blood 78, 2444-2450, 

Durr j,. Goodman S, ' Potocnik A" von der Mark H, and von der Mark K, 

(1993) . Localization of 131 -integrins in human cartilage and their role 

in chondrocyte adhesion to collagen and fibronectin, Exp, Cell Res, 

207, 235-244, 

Freemont A,J " Hampson V,. Tilman R., Goupille p, . Taiwo y, and 

Hoyland JA (1997) , Gene expression of matrix metalloproteinases-

1. -3, and -9 by chondrocytes in osteoarthritic human knee articular 

cartilage is zone and grade specific, An, Rheum, Dis, 56. 542-549, 

Giancotli F,G, and Ruoslahti E, (1 990), Elevated levels of u 5131 

fibronectin receptor suppress the transformed phenotype of Chinese 

hamster ovary cells , Cell 60, 849-859. 

Horton W,E" Udo I. , Precht p " Balakir R. and Hasty K, (1998), Cytokine 

inducible matrix metalloproteinase expression in immortalized rat 

chondrocytes is independent of nitric oxide stimulation, In Vitro Cell 

Dev, Biol.-Anim, 34 , 378-384 , 

Howe A , Aptin AE. . Alahari S,K, and Juliano R,L. (1998), Integrin 

signalling and cell growth control. Curr. Opin, Cell BioI. 10.220-231 . 

Huhtala p " Humphries M,J" Mc Carthy J,B .. Tremble P,M" Werb Z, and 

Damsky C,H, (1995), Cooperative signalling by a5131 and n 4131 

integrins regulates metalloproteinase gene expression in fibroblasts 

adhering to fibronectin , J, Cell BioI. 129.867-879, 

Hynes R.O, (1992), Integrins: Versatility, modulation , and signalling in 

cell adhesion, Cell 69, 11 -25, 

Izumi y " Hirata M., Hasuwa H" Iwamoto R" Umata T,. Miyado K .. 

Tamai y" Kurisaki T , Sehara-Fujisawa A , Ohno S. and Mekada E, 

(1998), A metalloprotease-disintegrin . MDC9/meltrin-y/ADAM9 and 

PKCd are involved in TPA-induced ectodomain shedding of 

membrane-anchored heparin-binding EGF-like growth factor, EMBO 

J, 17,7260-7272. 

Kamiguti A,S,. Markland F,S" Zhou Q, . Laing G,O" Theakston R'o,G, 

and Zuzel M, (1997), Proteolyt ic cleavage of the 131 subunit of 

platelet a 2131 integr in by the meta lloprote inase jararhagin 

compromises collagen-stimulated phosphorylat ion of pp72syk, J, 

BioI. Chem, 51. 32599-32605, 

Loeser R.F " Carlson C.S, and McGee M,P, (1995), Expression of 131-

integrins by cultured articular chondrocytes and in osteoarthritic 

cartilage, Exp, Cell Res, 217. 248-257, 

Longhurst C.M, and Jennings L,K. (1998) , Integrin-med iated Signal 

transduction. Cell. Mol. Life Sci. 54 , 514-526, 

Murphy G, and Gavrilovic J, (1999), Proteolysis and cell mig rat ion: 

creating a path? Curr, Cell BioI. 11 . 614-621 , 

Pigott R" Dillon L,P " Hemingway I.H, and Gearing A,j ,H, (1992) , 

Soluble forms of E-selectin, ICAM-l and VCAM-1 are present in the 

supernatants of cytokine activated cultured endothelial cells , 

Biochem, Biophys. Res, Commun, 187, 584-589, 

Preissner K.T .. May AE, . Wohn K,D" Germer M, and Kanse S,M, 

(1997) , Molecular crosstalk between adhesion receptors and 

proteolytic cascades in vascular remodelling, Thromb. Haemost. 78, 
88-95, 



1089 

Collaboration between B 1-integrins and MMPs 

Rapraeger A" Jalkanen M, and Bernfield M, (1986) , Cell surface 

proteoglycan associates with the cytoskeleton at the basolateral cell 

surface of mouse mammary epithel ial cells, J, Cell BioI. 103, 2683-

2696, 

Riikonen T" Westermarck J" Koivisto L" Broberg A" Kiihiiri V,M, and 
Heino J, (1995) , Integrin n2f31 is a positive regulator of collagenase 

(MMP-l) and collagen al (I) gene expression, J, BioI. Chem, 270, 

13548-13552, 

Rose-John S, and Heinrich P,C, (1994) , Soluble receptors for cytokines 

and growth factors : generation and biological function, Biochem, J, 

300, 281 -290, 

Saito S" Katoh M" Masumoto M" Matsumoto S, and Masuho y , (t998), 

Involvement of MMP-l and MMP-3 in collagen degradation induced 

by IL-l in rabbit cartilage explant cu lture, Life Sc i, 62, 359-

365, 

Schmitz J,P" Dean D.D" Schwartz Z" Cochran D.l., Grant G,M" Klebe 
R,J " Nakaya H, and Boyan B,D, (1996) , Chondrocyte cultures 

express matri x metalloproteinase mRNA and immunoreact ive 

protein ; Stromelysin-1 and 72 kDa Gelatinase are localized in 

extracellular matrix vesicles, J, Cell Biochem, 61 , 375-391, 

Schwab W " Kasper M" Gavlik J,M" Schulze E" Funk R.H ,W, and 
Shakibaei M, (2000), Characterization of caveolins from human 

knee joint carti lage: expression of caveo lin - 1,-2 and-3 in 

chondrocytes and association with integrin 13 t , Histochem, Cell BioI. 

113, 221-225, 

Schwab W" Gavlik J,M" Beichler T" Funk R.HW" Luther T" Kasper M, 
and Shakibaei M, (2001) , Expression of the urokinase-type 

plasm inogen activator receptor in human articular chondrocytes : 

association with caveolin and f31-integrin , Histochem Cell BioI. 115, 

317-323, 

Shakibaei M, (1998) , Inhibition of chondrogenesis by integrin antibody in 

vitro , Exp, Cell Res, 240, 95-106, 

Shak ibaei M, and Merker H,J , (1999), f31 -integrins in the cart ilage 

matrix, Cell. Tissue Res, 296, 565-573, 

Shakibaei M" Abou-Rebyeh H, and Merker H,J, (1993), Integrins in 

ageing cartilage tissue in vitro , Histol. Histopathol. 8, 715-723, 

Shakibaei M" Zimmermann B, and Merker H,J, (1995) , Changes in 

integrin expression during chondrogenesis in vitro : an 

immunomorphological study, J, Histochem , Cytochem, 43, 1061 -

1069, 

Shakibaei M" De Souza p , and Merker H,J, (1997), Integrin expression 

and collagen type II implicated in maintenance of chondrocyte shape 

in monolayer culture: an immunomorphological study, Cell. Bioi, Int. 

21 , 115-125, 

Shakibaei M" John T., De Souza p" Rahmanzadeh R. and Merker H,J, 
(1999), Signal transduction by 131 - integrin receptors in human 

chondrocytes in vitro: collaboration with the insul in-like growth factor 
I receptor, Biochem, J, 342, 615-623, 

Shakibaei M" Schulze-Tanzil G" de Souza p" John T" Rahmanzadeh 

M" Rahmanzadeh R, and Merker H,J, (2001) , Inhibition of mitogen­

activated prote in kinase kinase induces apoptosis of human 

chondrocytes, J, BioI. Chem, 276,13289-13294, 

Werb Z, (1997) , ECM and ce ll surface proteolysis: regulating cellular 
ecology, Cell 91 , 439-442, 

Werb Z" Tremble P,M .. Behrendtsen 0 " Crowly E, and Damsky C,H , 
(1989), Signal transduction through the fibronectin receptor induces 

collagenase and stromelysin gene expression , J, Cell BioI. 109,877-

889, 

Werb Z" Vu T,H " Rinkenberger J,L. and Coussens L,M, (1999) , Matrix 

degrading proteases and angiogenesis during development and 
tumor formation , APM IS 107, 11 -18, 

Yong V,W" Krekoski CA, Forsyth P,A" Bell R, and Edwards D,R, 

(1998), Matrix metalloproteinases and diseases of the CNS, Trends 

Neurosci. 21 , 75-80, 

Accepted June 20, 2001 


