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The matrilins are a family of four noncollagenous oligomeric extracellular matrix proteins with a modular
structure. Matrilins can act as adapters which bridge different macromolecular networks. We therefore
investigated the effect of collagen IX deficiency on matrilin-3 integration into cartilage tissues. Mice harboring
a deleted Col9al gene lack synthesis of a functional protein and produce cartilage fibrils completely devoid of
collagen IX. Newborn collagen IX knockout mice exhibited significantly decreased matrilin-3 and cartilage
oligomeric matrix protein (COMP) signals, particularly in the cartilage primordium of vertebral bodies and
ribs. In the absence of collagen IX, a substantial amount of matrilin-3 is released into the medium of cultured
chondrocytes instead of being integrated into the cell layer as in wild-type and COMP-deficient cells. Gene
expression of matrilin-3 is not affected in the absence of collagen IX, but protein extraction from cartilage is
greatly facilitated. Matrilin-3 interacts with collagen IX-containing cartilage fibrils, while fibrils from collagen
IX knockout mice lack matrilin-3, and COMP-deficient fibrils exhibit an intermediate integration. In sum-
mary, the integration of matrilin-3 into cartilage fibrils occurs both by a direct interaction with collagen IX and
indirectly with COMP serving as an adapter. Matrilin-3 can be considered as an interface component, capable
of interconnecting macromolecular networks and mediating interactions between cartilage fibrils and the

extrafibrillar matrix.

In cartilage, the extracellular matrix occupies the major vol-
ume fraction of the tissue and is responsible for its main func-
tions, i.e., load bearing and, in the case of joint cartilage,
allowing smooth articulation of long bones. These functions
are engendered by two supramolecular systems, the collagen-
containing fibrils and the extrafibrillar matrix which comprises
the large, cartilage-specific proteoglycan aggrecan. Both aggre-
can and the collagens occurring in cartilage fibrils self-assem-
ble into their respective aggregates. In order to warrant tissue
stability, a mutual interaction of the two supramolecular com-
partments is required. Thus, the molecular nature of the fibril-
lar periphery is of substantial interest, and in this respect,
further cartilage matrix components are likely to be of parti-
cular biological importance. These further components include
matrilins and cartilage oligomeric matrix protein (COMP),
which are neither collagens nor proteoglycans. The matrilins
constitute a family of four modular proteins belonging to the
von Willebrand A-like domain superfamily. All matrilins con-
tain up to 2 von Willebrand A-like domains, up to 10 epi-
dermal growth factor-like domains, and 1 C-terminal coiled-
coil a-helix mediating the oligomerization of single matrilin
subunits (9, 49). Native matrilin-1 and matrilin-3 extracted
from fetal calf epiphyseal cartilage are able to form homo-
and hetero-oligomers with a varying stoichiometry (27, 51).
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All matrilins are expressed during mouse limb development.
Matrilin-1 and -3 show a skeletal expression mainly in carti-
laginous tissues (28), whereas matrilin-2 and -4 have a broad
tissue distribution (26, 39). In mice, matrilin-1 and -3 are often
colocalized, e.g., in the cartilage primordium of the vertebral
bodies, costal cartilage, sternum, ilium, the cranial bones, and
the joints of developing bones (28).

Matrilin-3, strongly expressed in growing skeletal tissues, as
the epiphyseal growth plate, or in bone undergoing growth or
remodeling, has never been found outside skeletal tissues. It
can be integrated into filamentous networks as shown in vitro
for Swarm rat chondrosarcoma cells which assemble filaments
of variable thickness containing matrilin-3. These filaments
often form branches and can connect cells over a distance of
several cell diameters, preferentially cells which appear to have
recently undergone mitosis. In addition to matrilin-3, the fila-
ments contain collagens II or VI, matrilin-1, and the small
leucine-rich proteoglycans decorin and biglycan (27, 50). Ma-
trilin-3-containing filamentous structures are observed in ster-
nal, costal, and tracheal cartilage. In the latter two cases, the
fibrils are situated perpendicular to the perichondrium, and
they possibly represent the in vivo counterpart of the fibrils
observed in cell culture (27).

In vitro binding assays have demonstrated that matrilin-3
can interact directly with COMP (32); however, a specific bind-
ing partner for matrilin-3 in fibrillar networks in vivo has not
yet been identified. In particular, cartilage fibrils constitute
complex structural aggregates containing at least collagens II
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and XI and, optionally, collagen IX (14, 33) or XVI (25). In
addition, some fibril populations are associated with small
leucine-rich proteins or proteoglycans, such as decorin, bigly-
can, and fibromodulin (14, 20, 34). Collagen IX, a member of
the fibril-associated collagens with interrupted triple helices
(FACIT) family of collagens (42), is a component of D-peri-
odically banded cartilage fibrils. It is assembled with collagens
IT and XTI in antiparallel direction (12) and points its N-termi-
nal triple helical domain 3 (COL3) and noncollagenous do-
main 4 (NC4) away from the body toward the periphery of
the fibril (52). The interaction sites of collagen IX within the
collagenous fibril body include the triple helical domain 1
(COL1), the most conserved sequence occurring in all FACITs.
Aggregation is also effected through the noncollagenous do-
main 1 (NC1), which is C-terminally adjacent to COL1 (12). In
adult tissues, collagen IX is associated with a subpopulation of
thin fibrils preferentially occurring in the territorial matrix and
mostly lacking decorin. In embryonic cartilage, collagen IX is
distributed in homogenously occurring fibrils with a uniform
width of about 20 nm (14, 35). Collagen IX stabilizes the
individual fibrils (11) and is thought to direct the organization
at the tissue level of the fibrillar network in cartilage. Deletion
of the a1 (IX) chain of the heterotrimeric molecule leads to a
functional knockout of the entire collagen IX protein (15).
These animals are born with no conspicuous skeletal abnor-
malities but may develop early osteoarthritis postnatally (13).

Early-onset osteoarthritis and irregular ossification of the
epiphyses are the characteristics of a relatively mild and clin-
ically variable osteochondrodysplasia, called multiple epiphy-
seal dysplasia (MED) (47). Interestingly, not only do mutations
in all three collagen IX genes (Col9al, Col9a2, and Col9a3)
cause this disease, but MED displays a genetic heterogeneity.
Recently, it has been demonstrated that mutations in the genes
encoding COMP and matrilin-3 also result in MED (1, 4, 7, 8,
38). For COMP it is well known that it interacts with collagen
IX in a zinc-dependent manner. Binding sites for COMP are
located at the ends and within two internal sites of the collagen
IX molecule (21, 46).

By employing the al collagen IX knockout mouse model
and solid-phase binding assays, we demonstrate a specific in-
teraction of matrilin-3 with fibrillar collagen IX. The absence
of collagen IX does not alter the gene expression level of
matrilin-3. However, stable integration of matrilin-3 into the
extracellular matrix of cartilage tissues is compromised.

MATERIALS AND METHODS

Animals. Wild-type and Col9al knockout mice were maintained and bred
under specific-pathogen-free conditions in single ventilated cages. Genotyping
and controls for the presence of common infectious agents were routinely per-
formed. Wild-type and transgenic mice with a similar genetic background were
used for all studies.

Antibodies. Polyclonal antibodies against murine matrilin-3 (27) and bovine
COMP (10) were described elsewhere. Polyclonal antibodies prepared against
the NC4 domain of murine collagen IX are described below. Polyclonal affinity-
purified antibodies against bovine and human collagen II were purchased from
DPC-Biermann, Germany. Gold-conjugated secondary antibodies (mouse anti-
rabbit and -chicken immunoglobulin Gs [IgGs]), bridging antibodies (rabbit
anti-mouse antibody), and tertiary antibodies (mouse monoclonal anti-alkaline
phosphatase) used for alkaline phosphatase plus mouse monoclonal alkaline
phosphatase-anti-alkaline phosphatase (APAAP) staining were purchased from
DAKO, Denmark. Secondary donkey anti-rabbit and anti-mouse antibodies con-
jugated with horseradish peroxidase used for immunoblotting analysis were pur-
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chased from Sigma, Germany. Gold-labeled goat anti-rabbit (18-nm particles)
and donkey anti-chicken (12-nm particles) antibodies used for immunogold
labeling of fibril fragments were purchased from Dianova, Germany.

Recombinant expression of the al (IX) NC4 domain. Total RNA was pre-
pared by lithium chloride (LiCl)-urea extraction of whole rib cages of neonatal
mice (day 2), proteinase K digestion, and subsequent isopropanol precipitation
(45) and reverse transcribed into cDNA using Stratascript reverse transcriptase
(Stratagene). A 762-bp fragment encoding the entire NC4 domain of the al
chain of collagen IX was generated by PCR using the primers NC4F (5'-TGA
CTG CTA GCA ACT CTT AAG CGT CGC GCA A-3") and NC4R (5'-ACG
ATG CGG CCG CTG CTC ACC CGG AGG ACC TCT CT-3"). NC4F con-
tained an artificial Nhel restriction site, while NC4R included a Notl site. After
PCR amplification, purification, and digestion with the corresponding restriction
enzymes (New England Biolabs), the construct was ligated into the pCEP-Pu
vector (43) containing a BM40 signal peptide and a C-terminal six-His sequence,
resulting in a fusion protein of al (IX) NC4 and a His epitope. The vector
construct was then transiently transfected into 293-EBNA cells (Invitrogen)
using the lipofection reagent FuGENE 6 (Roche) according to the protocol of
the manufacturer. Selection for successfully transfected cells was performed by
culturing in selection medium: Dulbecco’s modified Eagle medium (DMEM)/
F12 (1:1) with final concentrations of 2 mM glutamine, 100 U/ml penicillin, 100
pg/ml streptomycin, 10% (vol/vol) fetal calf serum, 175 pg/ml Geneticin (all by
Gibco), and 0.5 pg/ml puromycin (Sigma, Germany). Positive clones were kept
for three to four passages in selection medium followed by culturing in serum-
free DMEM/F12 (1:1) medium. The cells were viable and produced large
amounts (ca. 0.5 mg/liter of medium) of NC4 protein for 18 to 21 days. Media
conditioned for 2 days were pooled, dialyzed against 20 mM sodium phosphate,
pH 6.0, and applied to cationic-exchange chromatography (carboxymethyl cel-
lulose CM-52; Whatman, England). The protein was eluted by a sodium chloride
gradient (0.05 to 0.30 M NaCl, with a main protein peak at 0.14 M). The
NC4-containing fractions were pooled and further purified by a TALON cobalt
affinity resin which allows high-affinity binding of the six-His tag introduced at the
C terminus (Clontech).

Production of a polyclonal antiserum against the NC4 domain. The purified
NC4 protein was used to raise a polyclonal antiserum in rabbit. The crude serum
was affinity purified using a column prepared with purified NC4 protein co-
valently coupled to Affi-Gel 10 Gel (Bio-Rad, Hercules, Calif.). The antibodies
were eluted with 100 mM glycine, pH 2.5, neutralized with 1 M Tris, dialyzed
against phosphate-buffered saline (PBS), and concentrated using VIVASPIN
15R concentrators (molecular weight cutoff, 15,000; Vivascience, Germany). The
titer and specificity of the purified antibodies were assessed by dot blot analysis,
immunoblotting, and enzyme-linked immunosorbent assay (ELISA).

Isolation and culture of primary murine chondrocytes. Rib cages of 2- to
3-day-old mice were dissected and carefully cleaned of adherent nonskeletal
tissue, and matrix-free chondrocytes were prepared by digestion for 16 h with
collagenase P (1 mg/ml; Roche) dissolved in DMEM/F12 containing 100 U/ml
penicillin, 100 pg/ml streptomycin (Gibco, Germany), and 1 mM L-cysteine
(Fluka, Germany). The cell suspension was passed through 100-um and 40-pm
filters (Becton Dickinson Biosciences, Germany), and cells were plated in either
6- or 24-well plates and cultured in monolayer for 5 days at 37°C in a humidified
atmosphere containing 95% air and 5% CO,. The culture medium (DMEM/F12,
10% fetal calf serum, 100 U/ml penicillin, 100 wg/ml streptomycin) was changed
every second day. To enhance collagen biosynthesis, the medium was supple-
mented with 100 pM ascorbate.

Cartilage preparation for matrilin-3 extraction studies. Rib cages of newborn
(1- to 2-day-old) wild-type and collagen IX knockout mice were isolated and
freed from surrounding noncartilaginous tissue. Fibrillar suspensions were pre-
pared by homogenizing the rib cages with a Polytron (Kinematica, Switzerland)
in 10 volumes of DMEM buffered with 10 mM HEPES, pH 7.4, containing
20 uM ZnCl,, 0.3 pM MnCl,, 20 uM CuCl,, 1 mM benzamidine HCI, 5 mM
6-aminocaproic acid, 1 mM phenylmethylsulfonyl fluoride, and 1 mM N-ethyl-
maleimide (NEM) (HEPES extraction buffer). The homogenates were agitated
for 15 min at 4°C and centrifuged for 15 min at 14,000 X g and 4°C. The pellets
were resuspended in 10 volumes of the HEPES extraction buffer described
above, agitated overnight, and centrifuged as described above. The extraction
procedure was consecutively repeated with HEPES extraction buffer supple-
mented with 10 mM EDTA and 2 M urea and finally with HEPES extraction
buffer containing 10 mM EDTA and 4 M guanidinium hydrochloride (GuHCI).
The final pellets were resuspended in PBS supplemented with 1 mM NEM and
60 U/ml collagenase CLSPA (Cooper Biomedical) and digested overnight at
37°C. All supernatants in these extraction procedures were separately subjected
to analysis of matrilin-3 content by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and immunoblotting. The guanidinium hydrochlo-
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FIG. 1. Immunoblot analysis of the anti-NC4 antiserum. Lanes
land 2 were loaded with extracts from rib cages of newborn wild-type
(WT) and collagen IX knockout (Col IX—/—) mice. Lane 3 contains
50 ng of purified recombinant NC4 protein, and lane 4 was loaded with
culture medium (CM) from transfected 293-EBNA cells. All lanes
were incubated with affinity-purified antibodies to NC4.

ride-containing supernatants were dialyzed against Tris-buffered saline (TBS)
prior to analysis by SDS-PAGE.

Cartilage preparation for immunoelectron microscopy. Rib cages of newborn
(2-day-old) wild-type COMP and collagen IX knockout mice were isolated and
freed from surrounding noncartilaginous tissue. Fibril suspensions were pre-
pared by homogenizing the rib cages with a Polytron (Kinematica, Switzerland)
in 10 volumes of 50 mM Tris HCI, pH 7.4, 100 mM NaCl, 1 mM benzamidine
HCI, 5 mM 6-aminocaproic acid, 1 mm phenylmethylsulfonyl fluoride, and 1 mm
NEM. The homogenates were centrifuged at 14,000 X g for 15 min at 4°C. This
procedure was repeated twice. The final supernatant was analyzed by immuno-
electron microscopy as described previously (17). The primary antibodies, a
rabbit serum against matrilin-3 and the affinity-purified antibody against the NC4
domain, were used at a dilution of 1:50. Secondary gold-conjugated antibodies
were used at a dilution of 1:30.

-
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Northern blot analysis. Total RNA of rib cage cartilage of newborn mice (2
days old) was prepared using the LiCl-urea method, and RNA samples were
electrophoresed on 1% (wt/vol) agarose gels in the presence of 2 M formalde-
hyde and blotted to Hybond N membranes (Amersham Biosciences, Germany).
Probes were labeled with [*?P]JdCTP (ICN) using a Prime-a-Gene labeling kit (Pro-
mega, Germany). The filters were hybridized for 16 h using QuikHyb hybridization
solution (Stratagene) at 60°C, washed, and exposed to Phospholmager screens
(Amersham Biosciences, Germany). The following cDNA fragments were used as
hybridization probes: mouse matrilin-3, 430-bp cDNA fragment; rat COMP,
1,172-bp cDNA fragment; and rat GAPDH (glyceraldehyde-3-phosphate dehydro-
genase), 1-kbp cDNA fragment (friendly gift from H. Kresse, Miinster, Germany).
Quantitation of gene expression was performed with ImageQuant software (Amer-
sham Biosciences, Germany).

SDS-PAGE and immunoblotting. Cartilage extracts were precipitated with 4
volumes of ethanol, resuspended, boiled in SDS sample buffer containing 5%
B-mercaptoethanol for reduction of samples, and run on 4.5 to 15% polyacryl-
amide gradient gels (30). Alternatively, for the extraction studies, the extracts
were boiled in nonreducing SDS sample buffer.

After 5 days of cell culture, supernatants and cell layers of wild-type and
collagen IX- and COMP-deficient chondrocytes were harvested. The superna-
tant was collected, and the remaining cell layer was washed twice with PBS. After
addition of sample buffer, the cell layer was collected using a cell scraper. The
supernatant was trichloroacetic acid precipitated and resuspended in the same
amount of sample buffer as that used for the harvest of the cell layer to ensure
comparable loading.

All gels were electrotransferred onto nitrocellulose membranes, blocked with 5%
skim milk, and hybridized overnight at 4°C with an affinity-purified rabbit NC4
antibody (1:5,000), a polyclonal COMP antibody (1:1,500), an affinity-purified rabbit
anti-matrilin-3 antibody (1:1,000) (27), or a monoclonal mouse antibody to GAPDH
(1:200; Chemicon, Germany). After washing, the membrane was incubated with a
1:10,000 diluted secondary horseradish peroxidase-conjugated donkey anti-rabbit
IgG for 1 h at room temperature (RT) (Amersham Biosciences, Germany). Anti-
body detection was performed by using 2.5 mM luminol, 0.4 mM p-coumaric acid,
0.01% H,0, as luminescent agent (Fluka, Germany) visualized by exposure on
X-ray films.

Immunohistochemistry employing the APAAP complex method. Newborn mice
(2 days old) were sacrificed with CO,, divided into two halves, and fixed with 4%
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FIG. 2. Histological and immunobhistological analysis of newborn mice. Paraffin-embedded sagittal sections of newborn collagen IX knockout
(A to F) and wild-type (G to L) mice were stained with antibodies to collagen IX (A, D, G, and J) or collagen II (B, E, H, and K) and with alcian
blue (C, F, I, and L). Panels A to C and G to I show vertebral bodies, and panels D to F and J to L display ribs. All cartilaginous and cartilage
primordial tissues were stained similarly for collagen II and with alcian blue regardless of genotype (B, C, E, and F; H, I, K, and L). However,
collagen IX-deficient cartilage did not show any staining with antibodies to collagen IX (A and D). Bar, 550 pm.
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FIG. 3. Immunohistological localization of COMP in newborn mice. Paraffin-embedded sagittal sections of newborn collagen IX knock-
out (A to D) and wild-type (E to H) mice were stained with a COMP-specific polyclonal antibody. All wild-type cartilaginous and cartilage
primordial tissues were stained. (E) Growth plates of vertebral bodies. (F) Higher-magnification image of boxed area in panel E. (G) Ribs.
(H) Higher-magnification image of boxed area in panel G. Contrary to the collagen II and alcian blue staining, the COMP signal is reduced
in collagen IX (A to D)-deficient cartilage compared to wild-type mice. Abbreviations: VB, vertebral bodies; TP, transverse processes; NP,
nucleus pulposus; RC, resting chondrocytes; PC, proliferating chondrocytes; HC, hypertrophic chondrocytes. Bars, 550 pm (A, C, E, and G)

and 90 pm (B, D, F, and H).

paraformaldehyde in PBS (pH 7.4) for at least 2 days at 4°C. For paraffin
embedding, samples were rehydrated for 24 h at 4°C and subsequently dehy-
drated in increasing ethanol concentrations at 4°C. For immunohistochemistry,
sections were deparaffinized in Rotihistol (Roth, Germany) at RT. After rehy-
dration, sections were briefly postfixed in 3% paraformaldehyde in PBS for 5 min
at RT and sequentially digested for 8 min at 37°C with 0.05% Protease XXIV
(Sigma, Germany) in PBS and for 90 min at 37°C with 0.1% hyaluronidase
(Sigma, Germany) in 0.1% acetate buffer (pH 6.0). After extensive washing with
PBS, sections were blocked overnight at 4°C with blocking buffer consisting of
1% bovine serum albumin and 10% normal goat serum in PBS including 10%
Complete Mini solution (protease inhibitor tablets; Roche Diagnostics, Ger-
many). Thereafter, sections were incubated with the appropriate primary anti-
bodies for 90 min at 37°C in blocking buffer. Dilution for NC4 antibody was
1:200, that for collagen II antibody was 1:150, that for COMP antibody was 1:350,
and that for matrilin-3 antibody was 1:1,000. Subsequently, samples were incu-
bated with the secondary mouse anti-rabbit antibody diluted 1:100 for 30 min at
RT followed by incubation with the “bridging” rabbit anti-mouse antibody di-
luted 1:200 for 30 min at RT. Finally the APAAP complex solution (alkaline
phosphatase plus mouse monoclonal anti-alkaline phosphatase antibody) was
added, and slides were developed with NBT-BCIP (5-bromo-4-chloro-3-in-
dolylphosphate—nitroblue tetrazolium from Sigma, Germany) solution including
10% levamisole (inhibition of endogenous alkaline phosphatase) for 30 min at
RT. Between addition of antibodies, sections were each time washed twice with
TBS plus 0.05% Tween 20 (Sigma, Germany). The sections were counterstained
with 1% methylene green in 20% ethanol and mounted with Kaiser’s glycerin
gelatin (Merck, Germany).

Alcian blue staining. For alcian blue staining, sections were deparaffinized in
Rotihistol, rehydrated, adjusted to 0.1 M HCI (pH 1.0) for 3 min, and subse-
quently incubated for 30 min in 1% alcian blue 8GX (Sigma, Germany) solubi-
lized in 0.1 M HCI. After rinsing sections in 0.1 M HCI, slides were dehydrated
with xylol and mounted with Kaiser’s glycerin gelatin (Merck, Germany).

Immunofluorescence analysis of costal chondrocytes of newborn mice. Cells
were plated on coverslips in 24-well plates and grown for 5 days. After fixation
with 2% paraformaldehyde, permeabilization using 0.2% Triton X-100 in PBS,
and three washes with PBS, the cultures were treated with 10% normal goat
serum in PBS as blocking reagent. Cells were incubated for 90 min with primary
antibodies directed against the NC4 domain of a1 (IX), COMP (46), type II
collagen (Calbiochem, Germany), and matrilin-3 at dilutions of 1:2,000, 1:800,
1:2,000, and 1:1,000, respectively, followed by detection with a secondary anti-
body (goat anti-rabbit IgG Alexa Fluor 488 and anti-mouse Cy3-conjugated
antibodies, both obtained from Molecular Probes, The Netherlands) for a fur-
ther 60 min. For nuclear counterstaining, bisbenzimide (Sigma, Germany) was
added to the cells for 3 min at a final concentration of 0.05 pg/ml. Coverslips
were finally mounted in DAKO fluorescent mounting medium and examined
under an Axiophot fluorescence microscope (Zeiss, Germany).

Solid-phase binding assay (ELISA). Recombinant murine matrilin-3 and re-
combinant human collagen IX were produced and isolated as described else-
where (32, 40). Ninety-six-well flat-bottom plates (F96; Nunc, Wiesbaden,
Germany) were coated with 1 ug human recombinant collagen IX or its digestion
products in 100 pl TBS (pH 7.4) overnight at 4°C. After blocking with 2% skim
milk powder in 150 wl TBS for 4 h, plates were washed three times with TBS
containing 0.05% Tween 20. Then 0.1 to 40 pg/ml mouse recombinant matrilin-3
in 100 pl TBS was added and incubated at 4°C for 2 h. After washing four times
with TBS containing 0.05% Tween 20, affinity-purified anti-matrilin-3 antiserum
was added at 1:1,000 in 100 wl TBS containing 2% skim milk powder and
incubated overnight at 4°C. Then, the plates were washed four times with TBS
containing 0.05% Tween 20 and incubated with a horseradish peroxidase-cou-
pled anti-rabbit immunoglobulin antibody at 1:1,000 in TBS containing 2% skim
milk powder for 1 h at 4°C. After washing four times with TBS containing 0.05%
Tween 20, binding was detected using 100 wl 0.04% (wt/vol) o-phenylenedi-
amine, 24.3 mM citric acid, 51.4 mM Na,HPO,, and 0.012% (vol/vol) H,O,. The
reaction was stopped by adding 50 pl of 2.5 M H,SO,. Absorbance at 490 nm was
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FIG. 4. Immunohistological localization of matrilin-3 in newborn mice. Matrilin-3 staining is virtually absent in mutant cartilage (A to D). In
contrast, wild-type cartilage exhibits a strong matrilin-3 signal (E to H). For details, see the legend to Fig. 3.

measured using a microplate reader (Dynatech Laboratories, Sussex, United
Kingdom; software, MikroWIN V2.38, Mikrotek, Overath). All buffers contained
1 mM CaCl, and 1 mM MgCl,. When indicated, buffers were supplemented with
10 mM EDTA.

Enzymatic treatment of L rec IX. For a limited pepsin
digestion (6), 1 pg of collagen IX was incubated with 100 wg/ml pepsin (Serva,
Heidelberg, Germany) in 0.5 M acetic acid overnight at 4°C; for collagenase
digestion, 1 pg of collagen IX was incubated with 1 mU/pl collagenase CLSPA
(Worthington) in PBS (pH 7.4) overnight at 37°C in the presence of 1 mM NEM;
and for chondroitinase digestion, 1 ug of collagen IX was incubated with 2 mU
chondroitinase ABC for 3 h at 37°C according to the manufacturer’s protocol
(Seikagaku, Tokyo, Japan).

L ¢ anll

RESULTS

Characterization of a novel polyclonal antibody specific for
the al (IX) chain. To generate an antibody against the al
chain of mouse collagen IX, we prepared the N-terminal NC4
domain of the long form by recombinant expression in 293-
EBNA cells. After purification, the recombinant NC4 domain
was used for generation of polyclonal antibodies in rabbit. The
specificity of the affinity-purified antibody was tested by immu-
noblotting using protein extracts from costal cartilage of new-
born wild-type and collagen IX-deficient mice (Fig. 1, lanes 1
and 2). In wild-type cartilage extracts, affinity-purified NC4
antibodies recognized the al (IX) chain in addition to three
additional polypeptides with high molecular mass (Fig. 1, lane
1), which presumably were covalent cross-linking products con-
taining a1 (IX) chains. These polypeptides are typical for col-
lagen IX, since bands with similar molecular weights are also
recognized by other antibodies independently raised against
collagen IX. None of these bands were detected in cartilage
extracts of collagen IX knockout mice (Fig. 1, lane 2). Also,
when culture medium of transfected 293-EBNA cells was used,
only the recombinant NC4 protein at about 30 kDa was rec-
ognized by the antibody (Fig. 1, lane 4).

Immunohistochemical analysis of newborn collagen IX
knockout mice. For immunohistochemical analysis, serial sag-
ittal sections of paraffin-embedded newborn mice of each ge-
notype were prepared. In order to assess cartilage formation in
newborn collagen IX knockout mice, we stained the sections
for collagen IX, collagen II, aggrecan, COMP, and matrilin-3.

Staining for collagen IX on control sections of vertebral
bodies and ribs produced a positive signal and showed a spe-
cific distribution pattern of the protein in the cartilage primor-
dium of the vertebral bodies and ribs (Fig. 2G and J). The
strongest collagen IX signal was detected in the extracellular
matrix (ECM) of proliferating and hypertrophic chondrocytes
(Fig. 2G), while immunostaining for collagen IX in the matrix
around resting chondrocytes appeared to be comparable to
that for COMP and matrilin-3 (Fig. 3E and F and Fig. 4E
and F). However, it is uncertain whether these staining discon-
tinuities reflect differences in the abundance of collagen I1X
protein or whether they are due to differential epitope mask-
ing. At any rate, cartilage of collagen IX-deficient mice lacked
a specific signal for collagen IX (Fig. 2A and D).

Staining for collagen II, the major fibrillar collagen in car-
tilage tissues, revealed positive signals for all cartilaginous ar-
eas in both control and knockout sections. Collagen II distri-
bution in the growth plate zone of vertebral bodies (Fig. 2B
and H) and ribs (Fig. 2E and K) resembled the alcian blue
staining pattern (Fig. 2C, I, F, and L). No alteration in signal
intensity and staining pattern occurred in the absence of col-
lagen IX. Higher magnification of selected areas of vertebral
bodies and ribs did not reveal differences between knockout
and control mice (data not shown).

Alcian blue, which binds to acidic glycosaminoglycans and
thus mainly to aggrecan, the major proteoglycan in cartilage,
revealed no differences in the absence of collagen IX. Alcian
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FIG. 5. Immunohistological analysis of costal chondrocytes from wild-type, collagen IX /~, and COMP '~ newborn mice. Costal chondrocytes
were isolated from wild-type and collagen IX and COMP knockout mice and cultured for 5 days before staining the cell layer with antibodies to
collagen II, collagen IX, COMP, and matrilin-3. Detection was performed by immunofluorescence, and bisbenzimide was used as nuclear

counterstain. Bars are 20 pm.

blue staining was found in the cartilage primordium of verte-
brae and their transverse processes, hip joint, tarsal and carpal
bones of the limbs, nasal cavity, and different cartilaginous
parts of the skull. No alterations in alcian blue staining were
apparent in collagen IX knockout mice (Fig. 2C and F). Car-
tilage primordia of vertebral bodies (Fig. 2C and I) and ribs
(Fig. 2F and L) were stained, regardless of the presence of
collagen IX. Even at higher magnification of selected areas of
vertebral bodies and ribs, differences between knockout and
control mice were not observed (data not shown).

In contrast, the distribution of COMP in the cartilage pri-
mordium of vertebral bodies and ribs was strongly influenced
by the absence of collagen IX (Fig. 3). Cartilage of collagen
IX-deficient mice exhibited a clear decrease of the COMP
signal (Fig. 3A to D). Specifically, the zone of resting and
partly that of proliferating chondrocytes in the growth plate of
vertebral bodies (Fig. 4A and B) as well as the ECM of rib
cartilage (Fig. 3C and D) retained only little COMP protein.
Residual COMP is seen in the matrix surrounding part of the
proliferating zone and the entire hypertrophic zone. By con-
trast, the corresponding cartilage tissues of wild-type mice con-
tain COMP protein, demonstrated by a strong COMP antibody
reaction (Fig. 3E to H). Notably, the matrix zone adjacent to
the nucleus pulposus area revealed a clear COMP signal in the

absence of collagen IX (Fig. 3B), an area which was less in-
tensely stained in the control tissue (Fig. 3F).

An even more striking staining pattern emerged for matri-
lin-3 (Fig. 4). In the absence of collagen IX, basically all of
matrilin-3 protein disappeared from the ECM of the entire
growth zone of vertebral bodies (Fig. 4A and B) and ribs
(Fig. 4C and D). Some matrilin-3 staining remained within the
matrix of chondrocytes at the boundary between hypertrophic
cartilage and the newly formed bone of the vertebral bodies
(Fig. 4A and B). The corresponding cartilage tissues of control
sections exhibited a strong signal for matrilin-3 (Fig. 4E to H).
Similar to COMP, the matrix adjacent to the nucleus pulposus
seemed to lack a matrilin-3 signal (Fig. 4E and F).

Immunohistochemical analysis of costal chondrocytes from
newborn mice. Costal chondrocytes were isolated from new-
born wild-type, collagen IX-deficient, and COMP-deficient
mice and were cultured in monolayer for 5 days. The cultures
were then analyzed for collagen II, collagen IX, COMP, and
matrilin-3 by immunofluorescence microscopy (Fig. 5). The
intensity and distribution of the signals for collagens II and IX
and matrilin-3 were comparable in COMP-deficient and wild-
type cells. However, chondrocytes from collagen IX knockout
mice exhibited an intracellularly confined matrilin-3 signal
while lacking extracellular matrilin-3. In contrast, the collagen
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FIG. 6. Gene expression levels of matrilin-3 and COMP in costal cartilage of newborn mice. Thirty micrograms of total RNA prepared from
costal cartilage of newborn mice was blotted onto nylon filters and hybridized with probes specific for matrilin-3 (A) and COMP (B). Lanes 1, RNA
extracted from costal cartilage from wild-type mice; lanes 2, RNA extracted from collagen IX knockout mice. Shown is a densitometric analysis
of matrilin-3 and COMP gene expression levels normalized to GAPDH gene expression. Bars demonstrate the relative gene expression level of
matrilin-3 and COMP in collagen IX knockout (IX /") mice compared to wild-type (wt) mice (n = 4 experiments each).

II antibody reaction appeared similar to that observed in wild-
type and COMP knockout chondrocytes. COMP was densely
integrated into the matrix adjacent to wild-type chondrocytes,
whereas COMP staining was more diffuse at the periphery of
collagen IX-deficient cells, indicating direct interaction with
collagen IX. Taken together, these observations indicate that
COMP can also undergo direct interactions with fibril compo-
nents other than collagen IX, such as collagens II or XI.
Matrilin-3, however, probably lacks the capacity for such inter-
actions. Finally, matrix deposition of collagen IX does not
depend on the presence of COMP.

Quantitation of matrilin-3 and COMP gene expression in
costal cartilage of newborn mice. Total RNA was extracted
from rib cages of newborn mice and analyzed by Northern
blotting. GAPDH gene expression was used as a loading con-
trol. Matrilin-3 and COMP gene expression in wild-type mice
was adjusted to GAPDH mRNA levels and arbitrarily set to 1
U using the densitometric analysis program ImageQuanNT
(Amersham Biosciences, Germany). Matrilin-3 and COMP
mRNA levels in collagen IX-deficient and wild-type cartilage
did not differ significantly (Fig. 6). Thus, deficiency of Col9al
mRNA or collagen IX protein did not change expression levels
of the Matn-3 or COMP genes.

Determination of matrilin-3 protein content and solubility
in costal cartilage and cultured chondrocytes of newborn mice.
In order to compare protein contents in mutant and wild-type
tissues, we extracted matrilin-3 from rib cages of newborn mice
and subjected the extracts to 4.5 to 15% SDS-PAGE under non-
reducing conditions, followed by immunoblot analysis using affin-
ity-purified antibodies against matrilin-3 (27) (Fig. 7A). To allow
evaluation of both protein solubility and protein yield, three
different extraction buffer systems were employed sequentially.
The first, mild extraction buffer, was applied twice. The soluble
fraction of matrilin-3 was isolated with 10 mM HEPES, and the
insoluble fraction was consecutively extracted with 2 M urea

and with 4 M GuHCI, both in the presence of 10 mM EDTA.
SDS-PAGE of these extracts followed by immunoblot detec-
tion displayed two bands of different molecular masses. The
lower faint band migrated at 175 kDa, the main band around
200 kDa, which is in agreement with earlier data on matrilin-3
structure and size (27). The fractions obtained under mild
extraction conditions from rib cages of newborn collagen IX-
deficient animals contained distinctly more matrilin-3 protein
than the controls (Fig. 7A, lanes 1 to 4), while total protein of
the HEPES extracts of wild-type and collagen IX knockout
animals appear equal according to GAPDH protein signal
used as an internal control (Fig. 7B). Subsequent extraction of
the insoluble protein fractions with urea-EDTA and GuHCI-
EDTA gave clearly higher yields of matrilin-3 from wild-type
rib cages (Fig. 7A, lanes 5 to 8). To assess if additional matri-
lin-3 occurs covalently bound to collagens, we performed col-
lagenase digestion of the final pellet obtained after GuHCI
extraction. This enzyme degrades triple helical regions of col-
lagens only and thereby potentially releases undigested non-
collagenous proteins bound to the fibrillar collagens by cova-
lent cross-linking. However, our results provided no indication
for residual matrilin-3 which had not already been extracted
before with denaturing buffers (Fig. 7A, lanes 9 and 10).
Since immunofluorescence studies indicated that collagen
IX-deficient chondrocytes incorporate much less matrilin-3
into their newly deposited extracellular matrix in vitro (Fig. 5),
we analyzed matrilin-3 distribution in extracts of cell layers and
in culture medium by immunoblotting (Fig. 7C). Chondrocytes
derived from wild-type and COMP-deficient mice retained vir-
tually all matrilin-3 within the cell layer, consisting of cells and
extracellular matrix (Fig. 7C, lanes 1, 2, 5, and 6). Notably, a
substantial amount of matrilin-3 was found in the supernatant
of chondrocyte cultures isolated from collagen IX knockout
mice (Fig. 7C, lanes 3 and 4). However, the majority of COMP
was secreted into the supernatant after 5 days of culture, and
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FIG. 7. Immunoblot analysis of extracts from costal cartilage and costal chondrocyte cultures of newborn mice. (A) Matrilin-3 was extracted
from costal cartilage of newborn mice using three different buffer systems in sequence. Protein extracts were subjected to 4 to 15% gradient
SDS-PAGE followed by immunoblot analysis with affinity-purified matrilin-3 antibodies. Lanes 1 to 4 contain HEPES extracts, lanes 5 and 6
contain HEPES/EDTA/urea extracts, and lanes 7 and 8 contain HEPES/EDTA/GuHCI extracts. The last two lanes (9 and 10) were loaded with
samples extracted from the final pellet after GuHCI treatment and subsequently digested with collagenase. (B) For protein standardization, the
first extracts were also incubated with a monoclonal antibody recognizing GAPDH. (C) Analysis of extracted cell layers (CL) and supernatants
(SN) of costal chondrocytes isolated from newborn wild-type (WT), collagen IX knockout (IX), and COMP knockout (COMP) mice using a
matrilin-3 antibody. (D) Analysis of extracted cell layers and supernatants of costal chondrocytes isolated from newborn wild-type, collagen IX
knockout, and COMP knockout mice using a COMP antibody. Molecular weight standards are indicated in thousands.

only little protein was retained in the cell layer from both
wild-type and collagen IX-deficient chondrocytes (Fig. 7D,
lanes 1 to 4). Apparently, the matrix-associated pool of COMP
is rather small, even though it is detectable with immunofluo-
rescence microscopy (Fig. 5), and not critically dependent on
collagen IX for anchorage. These observations corroborated
our conclusions that, in the absence of collagen IX, matrilin-3
is produced in normal quantities but is less stably integrated
into cartilage matrix.

Collagen IX-deficient cartilage fibrils lack matrilin-3. Next,
we assessed the composition of isolated fibril fragments from
costal cartilage of newborn mice. These mechanically generated
fragments retain their authentic tissue properties. Their strongly
incorporated components can be identified by immunoelectron
microscopy, while loosely associated material is eliminated during
the isolation procedure. Uranyl acetate-stained fragments of thin
D-periodically banded fibrils are clearly distinguishable from
more amorphous-appearing extrafibrillar aggregates. Matrilin-3
and collagen IX were identified by indirect immunogold labeling
(Fig. 8).

Fibril fragments from wild-type cartilage displayed a heavy
labeling with the NC4-specific antibody. Collagen IX is densely
packed along the fibrils of wild-type and COMP knockout mice
and was exclusively associated with these (Fig. 8A and G).
Fibrils from collagen IX-deficient mice were devoid of specific
collagen IX labeling (Fig. 8D). Similarly sized fibrillar frag-
ments from wild-type mice exhibited single as well as distinctly
clustered matrilin-3 molecules along the fibril axis. Matrilin-3
labeling was restricted mainly to a population of thin, D-
banded fibrils derived from the territorial matrix. However,

matrilin-3 immunogold labeling was not exclusively confined to
these fibrils but also formed extrafibrillar clusters associated to
very thin filamentous structures (Fig. 8B). Fibrils from collagen
IX-deficient mice displayed a strongly reduced matrilin-3 con-
tent (Fig. 8E), and those from COMP-deficient cartilage had
an intermediate matrilin-3 labeling (Fig. 8H). To assess fibril-
lar localization of matrilin-3 in relation to collagen IX, we
performed double immunogold labeling. As expected, we ob-
served a heavy labeling of cartilage fibrils from control and
COMP-deficient mice with collagen IX (18-nm gold particles).
Matrilin-3 (12-nm gold particles) colocalized with collagen IX
along the fibril. In COMP-deficient fibrils, matrilin-3 labeling
was somewhat less dense. On both fibril types, matrilin-3 had a
tendency for clustering, as seen in Fig. 8B (Fig. 8C and I). In
the absence of collagen IX, cartilage fibrils lack collagen IX
staining and have a strongly decreased matrilin-3 labeling
(Fig. 8F). Notably, the occurrence of extrafibrillar clusters of
matrilin-3 was not influenced and can thus be considered in-
dependent of collagen IX.

Statistical analysis of gold-labeled fibrils confirmed a re-
duced number of matrilin-3-positive particles on COMP-defi-
cient fibrils and, much more drastically, on collagen IX-defi-
cient fibrils (Fig. 9A). Wild-type and COMP-deficient fibrils
were similarly labeled for collagen IX (Fig. 9B). Notably, col-
lagen IX-deficient fibrils were somewhat wider (mean fibril
diameter, 68.7 nm) than wild-type (61.9 nm) or COMP-defi-
cient (63.4 nm) fibrils (Fig. 9C and D).

Matrilin-3 directly interacts with the collagenous domains
of collagen IX. By using a solid-phase binding assay (ELISA),
we analyzed direct interaction between recombinant matrilin-3
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FIG. 8. Ultrastructural localization of matrilin-3 and collagen IX on fibril fragments from costal cartilage by indirect immunogold electron
microscopy. Thin cartilage fibrils from wild-type mice are heavily labeled with collagen IX (18-nm gold particles) (A). Similarly sized fibrils from
collagen IX knockout mice lack collagen IX labeling (D), while fibrils from COMP knockout mice resemble wild-type fibrils (G). Cartilage fibrils
from wild-type mice are labeled with matrilin-3 (12-nm gold particles). Matrilin-3 is not restricted to fibrils but was also localized in extrafibrillar
aggregates (B). Similar-appearing fibrils from collagen IX knockout mice lack matrilin-3 labeling; however, matrilin-3 is still present in extrafibrillar
aggregates (E). Fibrils from COMP knockout mice are associated with matrilin-3, which is also found in extrafibrillar structures (H). Matrilin-3
and collagen IX colocalize at the same region of cartilage fibrils (C). Cartilage fibrils from collagen IX knockout mice are devoid of collagen
IX and matrilin-3 (F), while cartilage fibrils from COMP knockout mice (I) show no difference in collagen IX integration compared to wild-type
fibrils and exhibit a similar labeling pattern for matrilin-3. Open arrows indicate matrilin-3.

and recombinant collagen IX. Immobilized collagen IX was
titrated with indicated concentrations of soluble matrilin-3
(Fig. 10A). Saturation of binding was achieved at a concentra-
tion of 1.0 wg/ml matrilin-3, resulting in a calculated K, value
of 2 nM. Interaction with collagen IX proved to be strongly
dependent on divalent cations. Addition of EDTA effectively
abolished binding activity of matrilin-3 (Fig. 10B). In order to
define matrilin-binding domains in collagen IX, we enzymatically
eliminated either the noncollagenous domains (pepsin), the col-
lagenous regions (collagenase), or a potentially attached glycos-
aminoglycan chain (chondroitinase ABC) (Fig. 10B). Binding ac-
tivity of matrilin-3 to collagen IX was not affected by eliminating
either the noncollagenous domains or putative GAG chains.
However, the interaction was strongly diminished after removal
of the collagenous domains, indicating that the recognition site(s)
for matrilin-3 must be located within triple helical regions of
collagen IX.

DISCUSSION

The stability of the cartilage extracellular matrix and, thereby,
normal tissue function critically depend on strong interactions
between the two suprastructural compartments of cartilage ma-
trix. These are the collagen fibrils, as the major tensile elements,
and the extrafibrillar matrix, mainly resisting compressive forces
and comprising the hydrated hyaluronan-aggrecan network. In
this context, the periphery of fibrils, its components, and their
interactions are of considerable interest. In the present report, we
provide evidence for an interaction of matrilin-3 and, indepen-
dently, of COMP with collagen IX-containing cartilage fibrils in
vivo. We took advantage of the Col9al knockout mouse defi-
cient in the al (IX) chain (13), which leads to a functional
knockout of the entire collagen IX protein (15). This model
allowed us to investigate alterations in stability and integration
of other structural components within the ECM of cartilage
when collagen IX protein is missing. The main role assigned to
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FIG. 9. Statistical analysis of fibrillar matrilin-3 and collagen IX distribution. Fibrillar costal cartilage extracts of neonatal wild-type and
collagen IX- and COMP-deficient mice were immunolabeled with anti-matrilin-3 (A) and anti-NC4 (B) antibodies. Electron micrographs were
generated randomly using a Philips EM410 (60 kV) at a magnification of X21,000. Fibril length and diameter were analyzed using image processing
software (Image J v1.31) (C and D); gold particles were counted manually (A and B). Only gold particles clearly connected to the fibril by
extrafibrillar material and not further than 100 nm from the fibril surface were counted. For each fibril, the number of gold particles per pm was
determined. Arithmetic means and 99% confidence intervals were calculated for each sample group. The means of different sample groups were
compared using the unpaired, heteroscedastic, two-tailed Student ¢ test. Data shown are arithmetic means * confidence intervals (P = 99%).

#, P < 0.05; %, P < 0.01; #%*, P < 0.005.

collagen IX is in tissue organization. In addition to directing
fibril organization, collagen IX stabilizes characteristic carti-
lage fibrils in vitro and, presumably, also in vivo (11).

In humans, mutations in cartilage matrix proteins often
cause osteochondrodysplasias with various degrees of severity.
Mutations in each of the three collagen IX « chains can cause
the human disease multiple epiphyseal dysplasia (MED) (8, 36,
38). However, the complete loss of collagen IX, as in the
mouse knockout, does not lead to the development of MED.
Notably, MED does not result from mutations in only collagen
IX but does result from mutations in collagen IX and matri-
lin-3 (7) and COMP (4). Matrilin-3 is the only member of the
matrilin family known to be associated with MED (24). Inter-
estingly, targeted disruption of the Matn-3 gene produces via-
ble mice with no detectable skeletal abnormalities. Develop-
ment of long bones, ribs, vertebral bodies, and intervertebral
disks
is normal. In addition, chondrocyte differentiation and endo-
chondral bone formation are not affected by the knockout (29).
These results imply that, similar to collagen IX deficiency, it is
not the overall loss but rather structural alterations in matri-
lin-3 that result in MED, indicating that the disorder is most
probably due to a dominant-negative effect (3, 7). Recent re-
sults indicate that the mutations in the Matn-3 gene cause
MED by leading to a retention of matrilin-3 protein in the
rough endoplasmic reticulum (37).

COMP has been shown to bind directly to both collagen IX
and matrilin-3 (21, 32, 46). Thus, a loss of COMP from colla-
gen IX-deficient cartilage is expected, given that an important
structural anchor integrating COMP into cartilage matrix is
absent. By contrast, the distributions of collagen II and aggre-
can were normal in the absence of collagen IX. Particularly in
ribs and cartilage primordium of vertebral bodies, COMP sig-
nal levels were much lower in collagen IX-deficient mice than
in wild-type mice. However, residual COMP staining around
proliferating and hypertrophic chondrocytes either results from
interactions with matrix components other than collagen IX, e.g.,
collagen II (41), or is due to remnant COMP protein that will
eventually be lost during further development. This assumption
is consistent with the observation that collagen IX-deficient
chondrocytes exhibit small, if any, alterations in COMP stain-
ing in vitro after culturing for 5 days.

Evidence for a direct interaction between matrilin-3 and colla-
gen IX has been lacking. We have shown here that immunohis-
tochemical staining for matrilin-3 is strongly decreased in collagen
IX-deficient cartilage in vivo and in cultures of costal chondro-
cytes. Since matrilin-3 mRNA levels in mutant cartilage were
normal, we surmised that matrilin-3 synthesis also was normal.
However, the protein was readily extracted under very mild con-
ditions from collagen IX-deficient cartilage, which implies an im-
portant interaction between matrilin-3 and collagen IX. Likewise,
matrilin-3 is stably integrated into the cell layer of cultured wild-



VoL. 25, 2005

MATRILIN-3 IN COLLAGEN IX-DEFICIENT MICE 10475

04

0,3 - ¥
o ]
" 02 ¢

—rr

10,0 100,0

0.1 10 [matrilin-3] / pg/m|
0,5
B
0,4 -
0,3
a
Opi2]
0,1
0,0 T — | T
Col IX Col IX Col IX Col IX Col IX
+ EDTA + pepsin + collagenase +ABC

FIG. 10. Analysis of the collagen IX/matrilin-3 interaction by solid-phase binding assay (ELISA). Recombinant matrilin-3 was added at the
indicated concentrations to immobilized intact recombinant collagen IX coated at a concentration of 1 pg. The resulting saturation curve was used
for calculation of an apparent K, value (A). Binding of matrilin-3 to immobilized intact collagen IX was assayed in the presence of EDTA (Col
IX + EDTA), and the interaction with immobilized enzymatically treated collagen IX was tested. For the latter application, collagen IX was
treated with either pepsin (Col IX + pepsin), collagenase (Col IX + collagenase), or chondroitinase ABC (Col IX + ABC) prior to immobilization

onto microtiter plates (B).

type chondrocytes, while soluble protein was hardly detected. In
the absence of collagen IX, a substantial amount of matrilin-3
is soluble and found in the culture medium. In analogy, in vivo
matrilin-3 which is stably integrated into cartilage fibrils prob-
ably diffuses out of the tissue of collagen IX-deficient mice and
is then subsequently degraded. After exhaustive extraction
with denaturing buffers, no additional matrilin-3 could be lib-
erated by collagenase digestion, regardless of the presence of
collagen IX. This precludes covalent interactions of matrilin-3
within cartilage collagen fibrils. Proof for the direct interaction
of matrilin-3 with collagen IX in vivo comes from immunoelec-
tron microscopy of matrilin-3 in fibril fragments from COMP-
deficient cartilage (44). The signal for matrilin-3 is somewhat
reduced but by no means absent in isolated fibril fragments when
COMP is missing. In agreement, matrilin-3 immunofluorescence
staining was comparable in wild-type and COMP-deficient chon-
drocytes in culture. In summary, the interaction of matrilin-3 with
the surface of cartilage fibrils occurs both by a direct interaction
with collagen IX and indirectly with COMP serving as an adapter.
The former appears to be quantitatively more important.
Incontrovertible evidence for a direct interaction between
collagen IX and matrilin-3 came from in vitro binding assays.

Complex formation appeared to be of high affinity (apparent
K, of 2 nM) and was dependent on divalent cations, similar to
the interaction of matrilin-3 with COMP in vitro (32). The
binding site(s) of matrilin-3 resided in the collagenous rather
than the noncollagenous regions in collagen IX that are known
to harbor the recognition sites for COMP (21). A likely can-
didate is the COL3 domain which projects from the fibrillar
surface into the perifibrillar space (48). This particular struc-
tural arrangement would allow interaction with extrafibrillar
small macromolecules, thus promoting formation of a fibrillar
periphery suitable for the stabilization of some of the interfi-
brillar connections as well as of contacts with the extrafibrillar
aggrecan matrix (Fig. 11) (19).

The presence of some insoluble matrilin-3 in costal cartilage
of collagen IX-deficient mice suggests integration of an addi-
tional matrilin-3 population into structural networks indepen-
dently of the presence of collagen IX, possibly into microfibrils
composed of collagen VI or into gels formed by aggrecan
aggregates (50). Recent analysis of collagen VI-containing mi-
crofibrils derived from the Swarm rat chondrosarcoma tissue
by indirect immunogold labeling revealed complexes consisting
of biglycan and decorin bound to the N-terminal globular do-
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FIG. 11. Model for supramolecular assembly of cartilage fibrils and filaments into fibrillar networks. Matrilin-3 and COMP act as adapter
molecules to interconnect D-periodically banded fibrils with each other and/or with collagen VI-beaded filaments to generate a heterotypic fibrillar
network. The interaction may be mediated either by matrilin-3 binding directly to collagen IX or via COMP, which associates with the
noncollagenous domains of collagen IX. Matrilin-3 contacts to collagen VI filaments are mediated by the small proteoglycans decorin and/or
biglycan, which preferentially form complexes in the vicinity of the N termini of collagen VI filaments themselves acting as adapter molecules.

mains of the collagen VI molecule. More distant from the
collagen VI fibrils, matrilin-1, matrilin-3, and matrilin-4 were
typically bound to these leucine-rich repeat proteoglycans, thus
forming sandwich-like complexes associated to the surface of
collagen VI microfibrils (50). As expected, association of
matrilin-3 with these extrafibrillar thin filaments is not affected
by the absence of collagen IX.

In summary, we detected matrilin-3 in two different fibrillar
systems. First, we visualized matrilin-3 associated to thin, D-
periodically banded cartilage fibrils. This association is criti-
cally dependent on the presence of collagen IX and to some
extent COMP, as fibrils of similar appearance isolated from
Col9al-deficient mice are almost devoid of matrilin-3 and
COMP-deficient fibrils exhibit a reduced matrilin-3 associa-
tion. Second, matrilin-3 is associated independently of collagen
IX to an additional fibrillar population, consisting of very thin,
fragile filaments. The nature of these structures has not yet
been determined, but as matrilin-3 has been shown to bind to
collagen VI, they might well represent collagen VI microfibrils
(Fig. 11).

The formation of the two main suprastructural compart-
ments of cartilage, i.e., the extrafibrillar aggrecan matrix and
the collagen fibrils, is subject to surprisingly simple control
principles. Aggrecan and hyaluronan assemble into large and
gel-forming aggregates that, in essence, fulfill all structural and
functional requirements of the aggrecan matrix (18). Likewise,
collagens II and XI aggregate into prototypic fibrils (2) with
most of the suprastructural characteristics seen in the thin
fibrils of immature cartilage (23). However, these simple com-
positions cannot be altered without causing major changes of

their structures and functions. For example, substitution of
collagen I for collagen II in mixtures with collagen XI results in
structurally distinct fibrils with far less stringent growth control
(17). Animals lacking normal collagen II or collagen XI have
severely abnormal skeletal phenotypes (31), and patients with
mutations in collagen II or collagen XI have skeletal or joint
cartilage defects with a variable degree of severity (22). Unlike
the collagenous fibril bodies and the aggrecan matrix them-
selves, their interface has a highly complex biochemical com-
position. The fibril surface is densely populated with several
types of macromolecules which are all potential adapters be-
tween the fibrils and the extrafibrillar matrix. Sometimes, such
molecules occur in a complementary fashion in different re-
gions of the tissues. Collagen IX stabilizes the thin, prototypic
cartilage fibrils preferentially found in the territorial matrix as
baskets around chondrocytes (5). The protein forms a macro-
molecular alloy together with collagens II and XI but also
projects its amino-terminal domains COL3 and NC4 away
from the surface into the fibril-proximal environment, ready to
undergo interactions with other adapter proteins or the aggre-
can matrix (48). Other macromolecules, including matrilins,
COMP, decorin, fibromodulin, and biglycan, bind directly or
indirectly to the collagenous bodies of the fibrils and, there-
fore, are interface components potentially mediating interac-
tions between cartilage fibrils and the extrafibrillar matrix.
Deficiencies in such components generally have much less se-
vere consequences than the absence of the core components of
the suprastructural compartments. However, mutations that
lead to structural abnormalities rather than the absence of
these components can cause human or animal disease pheno-
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types (3). In part, the structural alterations lead to impairment
of secretion and to excessive storage in chondrocytes, and thus
the disease phenotypes result from cellular rather than matrix
insufficiencies. However, in some cases, biogenesis of the fibril
periphery occurs normally until structural alterations in the
mutated proteins compromise their final functions. Taken to-
gether, these facts strongly suggest that, unlike the collagens of
the fibril body or the aggrecan aggregates, the macromolecules
of the fibril periphery are multiply redundant in their func-
tions. Abnormalities in any one of these components, particu-
larly their absence, are almost completely compensated by
several other peripheral macromolecules. However, this com-
pensation is likely to be incomplete under conditions requiring
optimal performance of the tissues. Likely scenarios are bone
fracture repair (16) or periods of intensified skeletal growth.
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