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Matrilin-3 mutations that cause chondrodysplasias interfere
with protein trafficking while a mutation associated with
hand osteoarthritis does not
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Several mutations in the extracellular matrix protein matrilin3 cause a heterogeneous disease spectrum affecting skeletal
tissues. We introduced three disease causing point mutations
leading to single amino acid exchanges (R116W, T298M,
C299S) in matrilin-3 and expressed the corresponding
proteins in primary articular chondrocytes to elucidate
pathogenic mechanisms at the cellular level. Expression
levels, processing, and the secretion pattern of a mutation
linked to hand osteoarthritis (T298M) were similar to the
wildtype protein, whereas the two other mutants were poorly
expressed and hardly detectable in supernatants of transiently transfected cells. Using immunofluorescence staining,
we demonstrated that mutants R116W and C299S are
retained and accumulate within the endoplasmatic reticulum
(ER). Their further trafficking to the Golgi compartment seems
to be disturbed, whereas T298M is secreted normally. In cells
transfected with the wildtype and T298M constructs, a
matrilin-3 containing filamentous network was formed
surrounding the cells, whereas in the case of R116W and
C299S such structures were completely absent. These
observations are similar to those for mutations in the
cartilage oligomeric matrix protein (COMP) leading to
multiple epiphyseal dysplasia and pseudoachondroplasia
suggesting that retention and accumulation of cartilage
proteins in the ER might be a general mechanism involved
in the pathogenesis of chondrodysplasias.

T

he matrilin family of extracellular matrix (ECM) proteins
consists of four members and is characterised by a
modular domain structure made up of von Willebrand
factor A (vWA) domain(s), epidermal growth factor (EGF)like domain(s), and a C-terminal a-helical coiled coil domain
promoting oligomerisation. The four members are differentially expressed with matrilin-1 and -3 being predominantly
found in skeletal tissues, while matrilin-2 and -4 are more
widely distributed.1 In contrast to the other family members
with two vWA domains, monomeric matrilin-3 consists only
of a single vWA domain followed by four EGF-like domains
and the coiled coil domain.2 Via this coiled coil domain,
matrilin-3 is able to form homotetramers as well as
heterotrimers and -tetramers with matrilin-1.3–5 In addition
to hetero-oligomeric assembly with certain other family
members, all matrilins have been shown to interact with a
variety of both collagenous and non-collagenous proteins,
suggesting a function as adaptor proteins within the ECM.6–10
Moreover, the formation of filamentous structures in the
pericellular matrix of cultured cells has been described for all
four matrilins.4 11–13
The targeted disruption of each of the genes coding for
matrilin-1, -2, and -3 did not result in an obvious phenotype,
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leading to the hypothesis that the loss of one matrilin can be
compensated for by other family members, although those
are not upregulated at the RNA level.14–17
So far, patient mutations have been described only in
matrilin-3 and linked to clinically defined skeletal defects.
Several mutations in the b strands of the single vWA domain
of matrilin-3 are associated with multiple epiphyseal dysplasia (EDM5; MIM 607078)18 19 and bilateral hereditary microepiphyseal dysplasia (BHMED) which is distinct from
common MED.20 MED is characterised by delayed and
irregular ossification of the epiphysis and early onset
osteoarthritis, while BHMED patients have small epiphyses
in the hip and knee joint. Not only mutations in matrilin-3
but at least five other genes potentially causing MED have
been identified, including those coding for all three chains of
collagen type IX,21–23 the cartilage oligomeric matrix protein
(COMP),24 and the sulfate transporter DTDST.25 In addition to
the autosomal dominant inherited forms of MED and
BHMED, an autosomal recessive spondylo-epi-metaphyseal
dysplasia (SEMD; MIM 608728) has been reported in a large
consanguineous family of Arabic origin where the mutation
is located in the first EGF-like domain of matrilin-3.26 A
second mutation in the first EGF-like domain was found in a
genomewide scan to identify candidate genes for hand
osteoarthritis (HOA; MIM 607850).27 Interestingly, increased
levels of matrilin-3 have been detected in ostoarthritic
cartilage with a strong correlation between enhanced protein
expression and the extent of tissue damage.28 Together, these
findings indicate an important role of matrilin-3 in the
development and homeostasis of cartilage.
In the present study, we have investigated three disease
causing mutations located either in the vWA domain or in the
first EGF-like domain of matrilin-3. The mutation in the vWA
domain causes MED,18 whereas the two selected mutations in
the EGF-like domains, lying in the immediate vicinity, are
linked to HOA27 and SEMD, respectively.26 Expression of the
mutated constructs in primary chondrocytes gives an insight
into the mechanisms involved in the pathogenesis of these
diseases at the cellular level and reveals similarities and
differences regarding expression and extracellular deposition.

METHODS
Site directed mutagenesis
Mutagenesis was performed on a murine full length matrilin3 clone using the QuickChange mutagenesis kit (Stratagene,
Abbreviations: BHMED, bilateral hereditary micro-epiphyseal
dysplasia; COMP, cartilage oligomeric matrix protein; ECM,
extracellular matrix; EGF, epidermal growth factor; ER, endoplasmatic
reticulum; HOA, hand osteoarthritis; HRP, horse radish peroxidase;
MED, multiple epiphyseal dysplasia; PDI, protein disulfide isomerase;
PSACH, pseudoachondroplasia; SEMD, spondylo-epi-metaphyseal
dysplasia; vWA, von Willebrand factor A
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Culture of primary bovine chondrocytes
Primary bovine articular chondrocytes were isolated by
enzymatic digestion from shoulder joints of 18–24 month
old animals as described earlier.29 Chondrocytes were
cultured in monolayer for 5 days before gene transfer and
cultures were analysed 3 days later. The culture medium
consisting of DMEM/F12 supplemented with 10% fetal
calf serum was changed twice weekly. Ascorbate (100 mM)
was added to the culture medium to enhance collagen
biosynthesis.
Transfection and expression of wildtype and mutated
matrilin-3 constructs
The gene transfer into primary chondrocytes was optimised
in earlier studies. Using the episomal expression vector pCEPPu and the non-liposomal transfection reagent FuGENE6
(Roche, Indianapolis, IN), a transfection efficiency of up to
30% was achieved.30 Plasmids encoding for wildtype and
mutated matrilin-3 constructs were transfected using
FuGENE6 according to the manufacturer’s instructions.
Secretion of recombinant proteins into the cell culture
medium was analysed by SDS-PAGE of medium samples
and cell extracts from transfected cells followed by immunoblotting.
SDS-polyacrylamide gel electrophoresis and
immunoblotting
SDS-polyacrylamide gel electrophoresis was performed as
described by Laemmli.31 For immunoblots the proteins were
transferred to nitrocellulose and incubated with an affinity
purified rabbit antibody directed against recombinantly
expressed mouse matrilin-3 diluted in TBS containing 5%
low fat milk powder.4 Bound antibodies were detected by
luminescence using horse radish peroxidase (HRP) conjugated swine anti-rabbit IgG (DAKO, Glostrup, Denmark), 3aminophthalhydrazide
(1.25 mM),
p-coumaric
acid
(225 mM), and 0.01% H2O2.
Immunofluorescence staining of chondrocytes
Cells were plated and transfected in chamber slides (Nunc,
Wiesbaden, Germany) and grown for a further 3 days. After
fixation with 2% paraformaldehyde and permeabilisation
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. The cells were incubated with primary
antibodies at a dilution of 1:1000 for 60 min, followed by the
detection with a secondary antibody for a further 60 min.
Primary antibodies directed against protein disulfide isomerase (PDI) as a marker for the endoplasmatic reticulum (ER)

and the 58K protein as a marker for the Golgi apparatus were
purchased from Biomol (Hamburg, Germany) and Sigma
(Munich, Germany), respectively. The affinity purified
matrilin-3 antibody was described earlier.4 Secondary antirabbit IgG HRP conjugated antibodies were from DAKO and
secondary anti-mouse Cy3- and Alexa488-conjugated antibodies were from Molecular Probes (Leiden, Netherlands).
The slides were finally mounted in DAKO fluorescent
mounting medium and examined under an Axiophot
fluorescence microscope (Zeiss, Oberkochen, Germany).

RESULTS AND DISCUSSION
The chondrodysplasia causing mutations R116W and C299S,
and the mutation T298M, linked to HOA, were introduced
into the matrilin-3 sequence by site directed mutagenesis and
confirmed by sequencing (fig 1). For eukaryotic expression,
these matrilin-3 cDNAs were cloned into the expression
vector pCEP-Pu.32 Then 5 days after isolation, the chondrocytes were transfected transiently. The cell culture supernatant and the cell layer were harvested after 3 days and
analysed by SDS-PAGE under non-reducing conditions. In
non-transfected chondrocytes we could not detect any
endogenous matrilin-3, although it has been demonstrated
previously that the antibody reacts with both mouse and
bovine matrilin-3 (see supplementary fig 1 available at http://
jmedgenet.com/supplemental).4 This suggests that only small
amounts of endogenous matrilin-3, if any, are expressed in
primary bovine chondrocytes isolated from adult animals and
that the formation of a significant amount of heterooligomers consisting of endogenous and transfected matrilin-3 is unlikely in our model. In autosomal dominant forms
of chondrodysplasia, a certain amount of matrilin-3 tetramers consisting of four mutated subunits will exist and
contribute significantly to the phenotype, even though most
tetramers are likely to be mixed. In the case of the C299S
mutation, which represents an autosomal recessive disease,
the absence of wildtype matrilin-3 and thus of heterooligomers consisting of wildtype and mutated subunits,
reflects the pathophysiological situation.
In cells transfected with the wildtype construct, matrilin-3
appears as an intact tetramer with an apparent molecular
mass of approximately 200 kDa and, in addition, as a trimer
where most of one subunit has been cleaved off by proteolytic
processing (fig 2; see also supplementary fig 2 available at
http://jmedgenet.com/supplemental).13 This processing occurs
also in cells transfected with the mutant T298M. In cell
extracts, we mainly found the tetrameric protein which is
partially cleaved to trimers when it appears in the supernatant. Expression levels and localisation of the T298M
mutant were comparable to wildtype, whereas the other two
mutants were scarcely secreted and mainly detected in the
cell extracts. The comparatively weak signal for the mutant
proteins R116W and C299S in cell extracts does not allow any
conclusion with regard to proteolytic processing.
The low expression level of R116W in chondrocytes might
be due to a rapid intracellular degradation as shown for a
glycine to glutamic acid mutation in the collagen VI a3 chain
(leading to Bethlem myopathy), which is also located in the
b2 strand of the vWA domain N2.33 This mutation interferes
with protein folding and due to intracellular degradation
patient derived fibroblasts secrete low levels of collagen VI.
The amino acid exchange C299S affects a highly conserved
cysteine within the first EGF repeat and the mutant protein is
also retained intracellularly. The uneven number of cysteines
resulting from this exchange might lead to disulfide
shuffling. This may have severe functional and structural
consequences as demonstrated recently for mutations in
the EGF domains of fibrillin-1 and factor IX. Cysteine
mutations in recombinantly expressed fibrillin-1 enhanced
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La Jolla, CA).10 The mutations were introduced into the
mouse sequence according to the patient derived mutations
in the human sequence, resulting in the exchanges R116W,
T298M, and C299S in mouse corresponding to R121W,
T303M, and C304S in human. The following primer pairs
were used: 59-CTTGAACGCTGATGGGAAAATGTGCTCAGCC
ATTGATAAGTGTGC-39 and 59-CACACTTATCAATGGCTGAGC
ACATTTTCCCATCAGCGTTC-39 for T298M (new site for
Blp I); 59-CCACAGACACGTGGGTGGCTGTGGTGAACTATG-39
and 59-CATAGTTCACCACAGCCACCCACGTGTCTGTGG-39 for
R116W; 59-GAACGCTGATGGGAAAACGTCTTCCGCCATTGAT
AAGTGTGC-39 and 59-GCACACTTATCAATGGCGGAAGACG
TTTTCCCATCAGCGTTC-39 for C299S (new site for Eci I).
Underlines indicate the mutation and italics an additional
silent mutation to identify positive clones by restriction
analysis. The mutated constructs were inserted into the
episomal expression vector pCEP-Pu-StrepII-tag (C-terminal) in-frame with the sequence of the signal peptide of
BM-40 as described earlier.10
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Figure 1 Domain structure of matrilin-3 and localisation of the mutations introduced in the present study. The mutations were introduced into the
mouse sequence according to the patient derived mutations in the human sequence with the exchanges R116W, T298M, and C299S in mouse
corresponding to R121W, T303M, and C304S in human.18 26 27 The position of the mutation and the resulting disease phenotype is indicated. ++,
positively charged stretch; A1, von Willebrand factor A domain; CC, coiled coil; EGF, epidermal growth factor-like domain; MED, multiple epiphyseal
dysplasia; OA, osteoarthritis; SEMD, spondylo-epi-metaphyseal dysplasia; SP, signal peptide.

the susceptibility for proteolytic degradation and it may be
that a lack of extracellular fibrillin plays an important role in
the development of fibrillopathies.34
In human factor IX, patient mutations dramatically impair
intracellular processing and secretion, which explains the
highly reduced factor IX plasma concentrations.35 So far, five
mutations within four of the six b strand regions of the single
vWA domain of matrilin-3 have been described, with the
arginine to tryptophan exchange being the most frequent.19 36
Molecular modelling and comparison with the I domain of
integrin a1 has led to the assumption that the amino acid
exchanges in the vWA domain either have an influence on
the metal ion dependent adhesion site or affect the folding of
the domain by introducing bulky side chains like, for
example, tryptophan.18 19 Arginine 116 is conserved in all
matrilins as well as in the A1 domain of the von Willebrand
factor. The crystal structure of the vWA1 domain has been
solved showing that this arginine 552 is involved in the
formation of salt bridges.37 Interestingly, a patient derived
arginine to cysteine mutation at exactly this position leads to
an abnormal folding of the von Willebrand factor with a loss
of function.38 Other point mutations in the vWA domains of
the von Willebrand factor have been shown to induce
conformational changes affecting its multimeric structure
and resulting in abnormal binding to collagen.39 40
For a more detailed analysis of the intra- and extracellular
localisation of the recombinant proteins, immunofluorescence
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staining was performed on transfected chondrocytes. A costaining with antibodies directed against PDI and the 58K
protein as marker proteins for the ER and the Golgi
apparatus allowed the assignment of the matrilin-3 staining to a specific intracellular compartment. In chondrocytes,
the wildtype protein and the T298M mutant co-localise
with the perinuclear Golgi apparatus, demonstrating that
the intracellular trafficking of these proteins from ER to
Golgi apparatus is not affected by the mutation (fig 3A and
B). In contrast, the mutant proteins R116W and C299S are
mainly detected in the ER which is typically spread
throughout the whole cell (fig 3C and D). There is no
overlapping staining for matrilin-3 and the Golgi compartment, suggesting that the protein remains trapped in the
ER. Defects in intracellular trafficking leading to retention
and accumulation of cartilage proteins in the ER have been
described for mutated variants of the (a3) chain of
collagen type IX and cartilage oligomeric matrix protein
both in patient cartilage and in cell culture models.41–44
Mutations in both proteins lead to very similar disease
phenotypes suggesting that retention and accumulation of
cartilage proteins in the ER might be a general mechanism
involved in the pathogenesis of chondrodysplasias. At least
for mutations in COMP, it has been demonstrated that both
intra- and extracellular pathways are involved in the
pathogenesis of the disease. While some COMP mutants
accumulate in the ER and cause a decrease in cell viability,

TM
CE SN

RW
CE SN

CS
CE SN

(kDa)

200

Tetramer
Trimer + CC

116

66

43

Figure 2 Immunoblot analysis of transfected primary chondrocytes. Cell extracts (CE) and cell culture supernatants (SN) were harvested 3 days after
transfection and submitted to SDS-PAGE under non-reducing conditions. Similar amounts of total protein were loaded for each construct. Even after
prolonged exposure times (right panel), the constructs R116W and C299S were only weakly detected. Mobilities of the protein standards are indicated
in kDa. CC, coiled coil.
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Figure 3 Immunofluorescence staining
of primary chondrocytes 3 days after
transfection. Cells were transfected with
wildtype (A), T298M (B), R116W (C),
and C299S matrilin-3 (D) and cultured
in the absence of ascorbate to prevent
formation of extracellular networks
which could obstruct the view of
intracellular structures. ER and Golgi
apparatus are stained in red using Cy3
conjugated secondary antibodies
directed against PDI (top left) and 58K
protein (bottom left), respectively.
Matrilin-3 was visualised in green using
an Alexa488 labelled secondary
antibody (middle). Images were
merged to visualise a potential
colocalisation between matrilin-3
proteins with the ER or the Golgi
compartment (right). The bar represents
20 mm.

778

Figure 4 Immunofluorescence staining of primary chondrocytes 3 days
after transfection. Cells were cultured in the presence of ascorbate to
allow formation of extracellular filamentous structures. Matrilin-3 was
visualised in green using a secondary Alexa488 labelled secondary
antibody. The bar represents 20 mm.
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In summary, our results show that mutations in matrilin-3
causing chondrodysplasias (R116W and C299S) interfere
with intracellular protein trafficking and formation of
filamentous extracellular structures. Since the matrilin-3
deficient mouse does not show any obvious skeletal
abnormalities, we conclude that these mutations exert their
action mainly through a dominant negative mechanism. In
contrast, matrilin-3 carrying a mutation linked to HOA
(T298M) is expressed, processed, secreted, and incorporated
in an extracellular network in a way indistinguishable from
the wildtype protein, suggesting only subtle, if any, effects on
the structure and function of the protein.

ELECTRONIC-DATABASE INFORMATION
Analysis of the species specificity of the matrilin-3
antibody and immunoblot analysis of transfected
primary chondrocytes are shown in supplementary
figures available at http://jmedgenet.com/
supplemental.
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Medicine, University of Cologne and RW and MP by the Deutsche
Forschungsgemeinschaft (WA 1338/2–2 and 1338/2–3).
Competing interests: none declared
Correspondence to: Frank Zaucke, Center for Biochemistry, Medical
Faculty, University of Cologne, Joseph-Stelzmann-Str. 52, D-50931
Cologne, Germany; frank.zaucke@uni-koeln.de
Received 21 November 2004
Revised version received 25 January 2005
Accepted for publication 3 February 2005

REFERENCES
1 Deák F, Wagener R, Kiss I, Paulsson M. The matrilins: a novel family of
oligomeric extracellular matrix proteins. Matrix Biol 1999;18:55–64.
2 Wagener R, Kobbe B, Paulsson M. Primary structure of matrilin-3, a new
member of a family of extracellular matrix proteins related to cartilage matrix
protein (matrilin-1) and von Willebrand factor. FEBS Lett 1997;413:129–34.
3 Wu JJ, Eyre D. Matrilin-3 forms disulfide-linked oligomers with matrilin-1 in
bovine epiphyseal cartilage. J Biol Chem 1998;273:17433–8.
4 Klatt AR, Nitsche DP, Kobbe B, Mörgelin M, Paulsson M, Wagener R.
Molecular structure and tissue distribution of matrilin-3, a filament-forming
extracellular matrix protein expressed during skeletal development. J Biol
Chem 2000;275:3999–4006.
5 Kleemann-Fischer D, Kleemann GR, Engel D, Yates JR 3rd, Wu JJ, Eyre DR.
olecular properties of matrilin-3 isolated from human growth cartilage. Arch
Biochem Biophys 2001;387:209–15.
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43 Bönnemann CG, Cox GF, Shapiro F, Wu JJ, Feener CA, Thompson TG,
Anthony DC, Eyre DR, Darras BT, Kunkel LM. A mutation in the alpha 3 chain
of type IX collagen causes autosomal dominant multiple epiphyseal dysplasia
with mild myopathy. Proc Natl Acad Sci U S A 2000;97:1212–7.
44 Dinser R, Zaucke F, Kreppel F, Hultenby K, Kochanek S, Paulsson M, Maurer P.
Pseudoachondroplasia is caused through both intra- and extracellular
pathogenic pathways. J Clin Invest 2002;110:505–13.
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