
Multiple epiphyseal dysplasia (MED) is a relatively mild and
clinically variable osteochondrodysplasia, primarily character-
ized by delayed and irregular ossification of the epiphyses and
early-onset osteoarthritis1–3. Mutations in the genes encoding
cartilage oligomeric matrix protein (COMP) and type IX colla-
gen (COL9A2 and COL9A3) have previously been shown to
cause different forms of MED (refs. 4–13). These dominant
forms of MED (EDM1–3) are caused by mutations in the genes
encoding structural proteins of the cartilage extracellular
matrix (ECM); these proteins interact with high affinity in
vitro14,15. A recessive form of MED (EDM4) has also been
reported; it is caused by a mutation in the diastrophic dysplasia
sulfate transporter gene16 (SLC26A). A genomewide screen of
family with autosomal-dominant MED not linked to the
EDM1–3 genes17 provides significant genetic evidence for a

MED locus on the short arm of chromosome 2 (2p24–p23), and a
search for candidate genes identified MATN3 (ref. 18), encoding
matrilin-3, within the critical region. Matrilin-3 is an oligomeric
protein that is present in the cartilage ECM. We have identified
two different missense mutations in the exon encoding the von
Willebrand factor A (vWFA) domain of matrilin-3 in two unre-
lated families with MED (EDM5). These are the first mutations
to be identified in any of the genes encoding the matrilin fam-
ily of proteins and confirm a role for matrilin-3 in the develop-
ment and homeostasis of cartilage and bone.
It has been established that MED in a four-generation family
(Fig. 1, family A) does not result from mutations in COMP,
COL9A2 or COL9A3, indicating the existence of a fourth autoso-
mal dominant MED locus17 (EDM5). We carried out a genome
screen in 14 individuals from this family to identify the subchro-

mosomal location of this gene. We assigned genotypes
for every individual at each marker and carried out mul-
tipoint linkage analysis, which disclosed three possible
candidate regions, on chromosomes 1p
(D1S484–D1S196), 2p (D2S367–D2S386) and 20q
(D20S100–D20S171), with maximum lod scores of 1.1,
1.8 and 1.6, respectively. The remainder of the genome
gives a lod score of –2 or less; we therefore excluded
these regions from further study. Furthermore, we ana-
lyzed additional markers from within these regions and
later excluded linkage to the regions on chromosomes 1
and 20, with lod scores of –2 or less.

To refine the candidate region on chromosome 2p,
we analyzed an additional 7 microsatellite markers,
spaced 0.2–15 cM apart. Analysis of the recombinant
haplotype of affected individual IV-1, who inherited
co-segregating alleles at markers D2S171–D2S1337,
but not the markers telomeric or centromeric to them,
refined the candidate region to between D2S168 and
D2S286 at 2p24–p23, a distance of about 60 cM.
Analysis of (unaffected) individual II-9 narrowed the
region even further, as he has co-segregating alleles
centromeric to D2S288. We confirmed this location by
multipoint linkage analysis, which generates a maxi-
mum lod score of 3.3 between markers D2S168 and

Fig. 1 Pedigree of family A. Genotypes of eight markers within
the linked region on chromosome 2. The nonrecombinant haplo-
type co-segregating with the disease is indicated with a box. The
genotypes for I-1 are inferred from his offspring.
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D2S288 (Fig. 2). We also calculated two-point lod scores
between the disease phenotype and each of the markers within
the linked region and calculated a maximum two-point lod
score of 3.29 at θ=0.00 for marker D2S405.

A query of the human genome resources of The National Cen-
ter for Biotechnology Information (Gene Map ‘99; http://www.
ncbi.nlm.nih.gov/genemap/) disclosed several candidate genes
within the linked region on chromosome 2p24–p23: MATN3,
TIMP3 (encoding the tissue inhibitor of metalloproteinase-3)
and SDC1 (encoding syndecan-1). We selected
MATN3 as the strongest candidate owing to its
restricted expression in the cartilage ECM, and
determined its structure by comparing the
known human MATN3 mRNA sequence18 with
that of a draft sequence of a segment of chromo-
some 2 known to contain the entire gene.
MATN3 spans about 20.5 kb and consists of 8
exons (Web Table A), which is similar to the
genomic structure of mouse Matn3 (ref. 19).

We designed oligonucleotide primers to
amplify by polymerase chain reaction (PCR) indi-
vidual exons of MATN3 with their corresponding
splice donor and acceptor sites (Web Table B). We
amplified exons 1 and 3–8 by PCR as single DNA
fragments, whereas we amplified exon 2 as three
overlapping fragments, each about 150 base pairs
long. We used single-stranded conformation
polymorphism and heteroduplex analyses to
identify potential DNA variations in affected and
unaffected members of family A. Combined
analysis disclosed an abnormal migration pattern
for exon 2 of MATN3, which is present in all

affected individuals but not in the unaffected
individuals of family A. By sequencing we identi-
fied a heterozygous A→T transition at position
598 of MATN3, which is predicted to result in a
Val→Asp substitution at position 194 (V194D) in
the vWFA domain of matrilin-3. To confirm that
the sequence change is present in all affected fam-
ily members and no unaffected relatives or unre-
lated controls, we carried out pyrosequencing
analysis. We found that all affected individuals of
family A are heterozygous for this change,
whereas none of the unaffected relatives carries
the mutation (Fig. 3). Furthermore, it was absent
in 100 unrelated controls, confirming that it is not
a common polymorphism.

We also screened a panel of 25 people with
MED for mutations in MATN3, and identified  a

heterozygous C→T transversion at position 378 of MATN3 in a
single patient (DL in family B; Fig. 4a). We predict that this
nucleotide change will result in a substitution of tryptophan by
arginine at position 121 (R121W), also within the vWFA domain
of matrilin-3. We confirmed that, like his affected father, he is
heterozygous for the mutation, whereas his unaffected mother
does not have the mutation (Fig. 4b). We could not detect it in
100 unrelated and ethnically matched control samples and there-
fore conclude that it is not a common polymorphism.

Fig. 3 Confirmation of mutations in MATN3 by pyrose-
quencing. Top, programmed sequencing profiles for wild-
type and mutant antisense DNA sequences. a, Sequence
trace of an individual who is homozygous for A at
nucleotide 598. b, Sequence trace for an individual who is
heterozygous A/T at nucleotide 598. Note the appearance
of T in the mutant trace (indicated by *) and the relative
reduction in the level of A. c, Sequence traces of all individ-
uals from family A. Note that all affected individuals are
heterozygous for the A→T transversion, which is not pre-
sent in unaffected individuals.

Fig. 2 Multipoint analysis of markers on chromosome 2.
Multipoint lod score analysis of 8 markers from chromo-
some 2p24–p23. Markers are indicated on the x axis and
lod scores are shown on the y axis. A maximum lod score
of 3.3 is indicated between D2S168 and D2S288.
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The precise function of the vWFA domain of matrilin-3 has not
been determined; however, engineered mutations within the metal
ion-dependent adhesion site motif of the equivalent vWFA
domain of matrilin-1 reduce its ability to associate with the ECM
network20. The cation-binding site of matrilin-3 comprises
residues 89–93 (DSSRS), 158 (T) and 196 (D), and the V194D
mutation is near enough to the aspartic acid at residue 196 to war-
rant further investigation into the possibility that the mutant pro-
tein has aberrant metal ion-binding properties. Furthermore, both
the valine at residue 194 and the arginine at residue 121 are con-
served across all members of the matrilin family of proteins and in
different species. We therefore propose that both valine 194 and
arginine 121 affect the structure and function of the vWFA
domain, and that substitution of these residues, particularly by a
hydrophobic residue such as tryptophan, will have a major effect
on the folding of this domain. Mice deficient in matrilin-1 are
ostensibly normal21, indicating that the pathogenic mechanism of
MED that is caused by mutations in MATN3 may be mediated by a
dominant-negative effect, rather than haploinsufficiency. Muta-
tions in COMP result in the accumulation of misfolded protein
within the rough endoplasmic reticulum (RER) of cells22–24. This
ultimately results in cell death and a matrix deficient in structural
components25. Whether mutant matrilin-3 reaches the ECM and
exerts its effect by disrupting important interactions or is retained
within the RER of chondrocytes, like misfolded COMP, remains to
be elucidated. However, mutations predicted to affect the vWFA
domain of type VI collagen, which cause Bethlem myopathy, do so
by causing protein misfolding, which ultimately results in a
decrease in type VI collagen secretion26.

Although MED seems to be a single-gene disorder, it is fast
emerging as one of the most genetically heterogeneous of the auto-
somal dominant chondrodysplasias. Currently, MED is diagnosed
and classified by clinical and radiographic criteria27. The extensive
genetic heterogeneity of the MED disease spectrum complicates
this classification, but as more MED mutations are identified it may
soon be possible to classify MED with clinical, radiographic and
molecular genetic criteria, which will ultimately aid in both the

diagnosis and prognosis of this relatively common chondrodyspla-
sia. Furthermore, a greater understanding of the role and interac-
tions of specific cartilage molecules known to be involved in the
pathogenesis of MED may reveal the basis of more widespread car-
tilage disorders, such as osteoarthritis.

Methods
Subjects. The clinical and radiographic features of family A have been
described previously17. After all individuals analyzed in families A and B
gave informed consent and agreed to fully cooperate with the study, they
were examined clinically and radiographically (by G.R.M.). Briefly, all oth-
er affected individuals in family A had a normal birth length and an adult
height around the third percentile (150–165 cm). Most have complained of
knee and hip pain after exercise from early childhood and some of the
affected individuals have had hip replacements or undergone knee surgery
for deformities and early-onset osteoarthritis. When available for study the
radiographs at or after the age of puberty show a normal spine but persist-
ing epiphyseal dysplasia, mainly at the hips and knees. Individual II-7 did
not have any complaints during childhood and only started complaining of
low back pain at the age of 55 years and therefore was initially considered to

I

II
1 2

1

Fig. 4 Sequence and restriction fragment length polymorphism analysis of family
B. a, Sequence analysis of exon 2 of matrilin-3 in patient DL (II-1). The sequence
trace shows that DL is heterozygous C/T. b, Pedigree of family B is shown in the
top panel. The mutation generates an Eco57I restriction enzyme site and both
the proband and his affected father are heterozygous for the mutation.

Fig. 5 Radiographs of the pelvis and
knees in family B (proband DL and his
affected father). a, Antero-posterior
(AP) film of proband DL at 10 years of
age reveals small and flattened capi-
tal femoral epiphyses and irregular
ossification of the greater
trochanters. b, Radiograph of the
pelvis of proband DL at 24 years of
age is essentially normal. c, AP film of
the pelvis of the father at 52 years of
age reveals mild flattening of both
femoral heads. d, AP film of proband
DL at 10 years of age reveals osteo-
chondritis dissecans in the left knee.
Epiphyses of the knees are hypoplas-
tic and flattened with irregular con-
tours. Mild longitudinal striations are
present in the metaphyseal regions of
the femora. e, Radiograph of the
knees of proband DL at the age of 24
years does not show significant
abnormalities. f, AP film of the knees
of the father at 52 years of age shows
flattening of the articular surfaces
with mild changes of osteoarthrosis.
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be unaffected. However, when she was found to share the same haplotype
for the 2p24-p23 region with the other affected individuals, her status was
re-evaluated by a radiographic survey. The radiographs did reveal a mild
involvement of the hips with flattening of the femoral heads and normal
knees, and it was decided that II-7 should be considered affected.

Individual DL (II-1 in family B) presented at the age of 10 years with
knee pain after exercise, genu valga and normal stature. Radiographs of the
skeleton revealed normal spine and hands but predominant involvement of
the epiphyses of hips, knees and ankles (Fig. 5). On follow-up the genu
valga resolved spontaneously, complaints of joint pain became less fre-
quent and, surprisingly, the knee and hip radiographs normalized by the
age of 24 years. The affected father of DL (I-1; Fig. 4) also experienced joint
pain as a teenager with spontaneous improvement after puberty. Radi-
ographs taken at the age of 52 years, however, reveal mild flattening of the
femoral heads and articular surfaces of the knee joints with minimal signs
of osteoarthrosis (Fig. 5).

Genetic linkage analysis. We collected peripheral blood samples and pre-
pared genomic DNA by standard methods. We amplified microsatellite
markers by PCR and analyzed them with ABI672 GeneScan collection and
GeneScan PCR software (Applied Biosystems). We assigned genotypes and
generated multipoint lod scores with GENEHUNTER-PLUS. We calculat-
ed two-point lod scores with MLINK within LINKAGE version 5.20.

Detection of single strand conformation polymorphism (SSCP). We car-
ried out SSCP analysis and heteroduplex analysis as described28.

Detection of mutations. We did pyrosequencing with an automated Pyrose-
quencer (kindly supplied by Pyrosequencing Ltd.) and carried out PCR
amplification of matrilin-3 with forward primer, 5′–AATACCAGATGCTTG
GCCCGAG–3′ and biotinylated reverse primer 5′–TAGTCCATCCAGA
CAGCAATGG–3′. We sequenced PCR products with primer 5′–TGGTCCT
GGGGCCTCCCATCTG–3′ on the PSQ 96 system according to the manufac-
turer’s instructions. We analyzed the results with PSQ 96 SNP software.

GenBank accession numbers. Homo sapiens matrilin-3 (MATN3) mRNA,
NM_002381; H. sapiens chromosome 2 working draft sequence segment,
NT_025649.
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