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Cartilage oligomeric matrix protein (COMP) belongs to the thrombospondin family and is a homopentamer
primarily expressed in cartilage. Mutations in the COMP gene result in the autosomal dominant chondro-
dysplasias pseudoachondroplasia (PSACH) and some types of multiple epiphyseal dysplasia (MED), which are
characterized by mild to severe short-limb dwarfism and early-onset osteoarthritis. We have generated COMP-
null mice to study the role of COMP in vivo. These mice show no anatomical, histological, or ultrastructural
abnormalities and show none of the clinical signs of PSACH or MED. Northern blot analysis and immuno-
histochemical analysis of cartilage indicate that the lack of COMP is not compensated for by any other member
of the thrombospondin family. The results also show that the phenotype in PSACH/MED cartilage disorders
is not caused by the reduced amount of COMP.

Cartilage oligomeric matrix protein (COMP) is a member of
the thrombospondin family of extracellular matrix proteins (1,
4, 30, 35). The protein consists of five 87-kDa subunits held
together by interchain disulfide bonds (19), forming a 435-kDa
pentameric protein. COMP is expressed in all types of cartilage
(14, 19), vitreous of the eye (33), tendon (12, 38), and vascular
smooth muscle cells (36). Immunohistological staining of ar-
ticular cartilage has revealed a developmentally regulated lo-
calization of COMP to the chondrocyte territorial and inter-
territorial matrix (8). COMP binds in a zinc-dependent
manner to collagen type I and type II (37) and also to collagen
type IX (20). The thrombospondin family currently includes
five members: TSP-1 (9, 25), TSP-2 (5, 23), TSP-3 (42), TSP-4
(26), and COMP (also referred to as TSP-5). These proteins
share overall homology, and all contain type 2 (epidermal
growth factor-like) and type 3 (calmodulin-like) repeats in
their central domains. The homologies are most pronounced in
the C-terminal globular domains, whereas the N-terminal
amino acid sequences are less conserved. TSP-1 and TSP-2
form trimers containing structurally related N-terminal do-
mains with procollagen-like sequences. TSP-3, TSP-4, and
COMP are structurally similar, lacking the N-terminal procol-
lagen homology region, and they form homopentamers (19,
30). Targeted disruptions of TSP-1 or TSP-2 in mice lead to a
complex phenotype, affecting numerous organs and connective
tissues. Interestingly, TSP-1-deficient mice have a phenotype
similar to that of transforming growth factor �-null mice, sug-

gesting that TSP-1 is a major activator of this factor (10). The
TSP-2-deficient mice have abnormal collagen fibers, altered
bone density, and abnormal bleeding time (22). The COMP
gene is located on mouse chromosome 8 and on human chro-
mosome 19 (32). Mutations in the COMP gene are responsible
for the human genetic disorders pseudoachondroplasia
(PSACH) (6, 7, 18) and some types of multiple epiphyseal
dysplasia (MED) (3, 6). The majority of the mutations are
missense mutations located in the type 3 calmodulin-like re-
peat domain. Recombinant COMP carrying PSACH or MED
mutations binds fewer divalent cations and show a slightly
altered affinity for collagen in the presence of zinc (41).
PSACH and MED are autosomal dominant chondrodysplasias
causing mild to severe short-limb dwarfism and early-onset
osteoarthritis (21). The clinical features are similar, but
PSACH is usually more severe and is characterized by dwarf-
ism and joint laxity. MED patients generally show a milder
phenotype with short stature and early-onset osteoarthritis.
Radiographic analysis of patients show irregular, sometimes
small, epiphyses with poor ossification, and patients with
PSACH also have irregular metaphyses and delayed ossifica-
tion of the annular epiphyses of the vertebrae. Ultrastructural
analysis of chondrocytes from patients with PSACH and MED
show accumulation of material in the rough endoplasmic re-
ticulum (rER) (28, 39), which have a unique lamellar appear-
ance. The accumulated material in rER consists mainly of
COMP and type IX collagen (11, 27).

The role of COMP in vivo is unknown. Here we report the
targeted disruption of COMP in mice. Mice heterozygous or
homozygous for the null mutation are viable and show no
detectable skeletal defects.

MATERIALS AND METHODS

Construction of the targeting vector and generation of chimeric mice. A
replacement targeting vector was constructed from cosmid clones isolated from
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a 129/sv library (kindly provided by J. S. Mudgett, Merck, Rahway, N.J.). A 9-kb
genomic EcoRI fragment was subcloned into pBluescript II KS (Stratagene
Corp., La Jolla, Calif.). Parts of this fragment were sequenced, and a HindIII site
located 3.5 kb from the 5� end of the genomic fragment was used for the insertion
of a phosphoglycerate kinase-neomycin resistance cassette (pGKNeo) (29), in-
terrupting the sequence at a Lys residue of the first type 3 repeat of COMP. The
pGKNeo cassette was blunt-end ligated into the HindIII site in reverse tran-
scriptional orientation (Fig. 1).

R1 embryonic stem (ES) cells (31) were grown on a feeder cell layer as
previously described (13). The targeting vector DNA (45 �g) was linearized at a
NotI site and used in the electroporation of 3 � 107 ES cells with a Bio-Rad gene
pulser set at 800 V and 3 �F. After 24 h without selection, recombinant clones
were selected by adding 400 �g of G418 per ml to the culture media. Clones were
picked, and isolated DNA was analyzed by BamHI digestion and Southern
hybridization to an external 600-bp HindIII/EcoRI probe. The probe hybridizes
to an 8.5-kb wild-type BamHI fragment and a 6.6-kb mutant BamHI fragment.
Two individually targeted ES cell clones were microinjected into C57/B6 blas-
tocysts to generate chimeric mice as described elsewhere (13). Chimeric males
were mated with C57/B6 mice, and males with germ line transmission were
further bred with 129/sv females to establish an inbred strain of COMP knockout
mice. The use of animals for research complied with national guidelines, and
permission was given by the regional ethical board.

RNA analysis. Total RNA was isolated from the processus xiphoideus of
5-week-old mice using TRIzol (Gibco BRL), according to the manufacturer’s
recommendations, and subjected to agarose gel electrophoresis in formaldehyde
as previously described (35). Filters were hybridized with TSP-1 and TSP-3
probes (gifts from Paul Bornstein, University of Washington), a TSP-4 probe
(a gift from Frank Zaucke, University of Cologne, Cologne, Germany), a COMP
probe (35), and a glyceraldehyde phosphodehydrogenase probe was used to
check loading of RNA.

Reverse transcription-PCR (RT-PCR) was also performed to confirm the
absence of truncated COMP mRNA in the COMP-null mice. Poly(A)� RNA
was isolated with an Oligotex direct mRNA minikit (Qiagen) and reverse tran-
scribed with Moloney murine leukemia virus reverse transcriptase (Roche).
Single-stranded cDNA was then subjected to PCR amplification using a mouse
5�-COMP 17-mer (GAATGCAGCCCGCACCC) complementary to exon se-
quence 16 amino acids prior to the start of type 2 repeats and a 3�-COMP 17-mer
(GCACAGGAGCCCGTTGC) corresponding to the last amino acids of the
fourth type 2 repeat as primers, giving rise to a 578-bp PCR product. As a
positive control, cDNAs derived from both wild-type and COMP-null mice were
also amplified with primers complementary to mouse fibromodulin (5�-FM 18-
mer GACTCTCACTGGTGGATC and 3�-FM 18-mer GTACAGCCTCTC
CAAGTG), generating a 417-bp PCR fragment. PCRs were performed in a
thermal cycler, with 30 cycles of 95°C for 30 s, 55°C for 45 s, and 72°C for 2 min.
PCR products were separated on a 1.2% agarose gel and stained with ethidium
bromide.

Protein transfer blot. Proteins were extracted from the processus xiphoideus
of 6-week-old mice by using 4 M guanidine-HCl–50 mM sodium acetate (pH 5.8)
containing the protease inhibitor Complete (Boehringer Mannheim GmbH,

Mannheim, Germany) as described previously (24). After 48 h at 4°C with
continuous mixing, the extracts were cleared by centrifugation and the superna-
tants were subjected to precipitation with 95% ethanol. The protein precipitates
were washed, dissolved in reducing sample buffer, and electrophoresed on a 10%
sodium dodecyl sulfate-polyacrylamide gel. Proteins were transferred to nitro-
cellulose filters by diffusion and detected with a rabbit antiserum against bovine
COMP (35). As a control, the filters were incubated with a fibromodulin anti-
serum (34). Bound antibodies were visualized with 125I-labeled goat anti-rabbit
immunoglobulin G (IgG) as previously described (40).

Histology, immunohistochemistry, and electron microscopy. Tissues from
mice were fixed in ice-cold 95% ethanol–1% acetic acid for 16 h at 4°C, dehy-
drated in increasing ethanol concentrations, and embedded in Histowax (Histo-
lab, Gothenburg, Sweden) as previously described (40). Bone-containing tissues
were decalcified in 7% EDTA in phosphate-buffered saline (PBS) at 4°C for 5
days prior to dehydration and embedding. Sections of 6 �m were cut, deparaf-
finized in xylene, rehydrated in ethanol, and stained with Mayer hematoxylin
(Histolab) and Chromotrope 2R (Sigma).

For immunohistochemistry, tissue sections were stained as described previ-
ously (40) with rabbit antibodies against bovine COMP (34), TSP-1 and TSP-2
(both gifts from D. Mosher, University of Wisconsin), and TSP-4 (a gift from M.
Paulsson, University of Cologne). TSP-3 antisera were TSP-3 peptide (RLRG
PSRPS and PLQTDRDEDC) antisera (gifts from A. Qabar, Madigan Army
Medical Center, Tacoma, Wash.). Prior to incubation with antiserum, the sec-
tions were deparaffinized in xylene, rehydrated in ethanol, treated with bovine
testicular hyaluronidase (2 mg/ml, type I-S; Sigma) in PBS (pH 5.0) for 30 min
at 37°C, blocked for endogenous peroxidase activity with 1% H2O2 in methanol
for 20 min, and incubated with normal goat serum (Vector Laboratories, Inc.,
Burlingame, Calif.) in 1% bovine serum albumin in PBS for 1 h at room tem-
perature. After incubation with the antiserum (diluted 1/200), the sections were
incubated with peroxidase-conjugated goat anti-rabbit IgG (Sigma) diluted 1/200
in 1% bovine serum albumin in PBS, washed in PBS, and developed with
3,3�-diaminobenzidine solution.

Ultrastructural analysis using electron microscopy was performed as previ-
ously described (2, 40).

For X-ray analysis, mice were anaesthetized with avertin, and X-ray images
were taken with a Siemens Polymat 70 using 48 kV and 0.2 mA (Siemens,
Langen, Germany).

RESULTS

Generation of COMP-deficient mice. The mouse COMP
gene was inactivated by homologous recombination in ES cells
with a targeting vector interrupting the coding sequence in the
first type 3 repeat with a neomycin resistance cassette (Fig. 1).
The neomycin resistance cassette integration site is located in
exon 8 of the COMP gene. After transformation of ES cells
and selection with G418, we identified six correctly targeted ES

FIG. 1. Targeted disruption of the COMP gene. (A) Restriction enzyme map showing the relevant sites (B, BamHI; E, EcoRI; H, HindIII; N,
NotI) in the COMP gene (top), the structure of the targeting vector (middle), and the structure of the targeted gene (bottom). (B) Southern blot
analysis of DNA isolated from a mouse homozygous for the wild-type allele (�/�), a heterozygous mouse (�/�), and a mouse homozygous for
the mutated allele (�/�). The wild-type and targeted alleles gave 8.5- and 6.6-kb fragments, respectively, after digestion with BamHI and
hybridization with the indicated 600-bp HindIII/EcoRI probe.
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cell clones out of 170 screened. Chimeric mice were generated
by blastocyst microinjection, and resulting males were mated
with C57/B6 female mice. Males showing germ line transmis-
sion were thereafter mated with 129/sv females to produce an
inbred strain. COMP-null mice were obtained according to the
Mendelian rule and did not reveal any gross anatomical ab-
normalities. They grew to normal size, had a normal life span,
and were fertile.

RNA and protein analysis. Transfer blot analysis of RNA
showed the absence of COMP mRNA in mutated mice (Fig.
2A). The steady-state levels of TSP-1, TSP-3, and TSP-4
mRNAs were not significantly altered in the COMP-null mice.
To further assess if the mutant mice were deficient in COMP
mRNA, we performed RT-PCR assays (Fig. 2B). We could not
detect any PCR product using cDNA reverse transcribed from
COMP-null mRNA and primers complementary to sequences
located upstream of the pGKNeo cassette. The expected
578-bp PCR product was detected in wild-type mice. Control
RT-PCR with fibromodulin primers resulted in a 417-bp PCR
product in wild-type and COMP-null mice. Controls without
reverse transcriptase demonstrated the absence of genomic
DNA in the poly(A)� RNA preparations.

Transfer blot analysis of proteins extracted from processus

xiphoideus showed the absence of COMP in mutated mice
(Fig. 3). COMP subunits with an apparent molecular mass of
100 kDa were detected in extracts from wild type animals but
were absent in the COMP-null mice. Similar results were ob-
tained with an extract from femoral heads (not shown). Anal-
ysis of tail and Achilles tendon extracts derived from mice of
different ages showed the absence of COMP also in wild-type
mice. This indicates a species difference, since human and
bovine tendons have been reported to contain COMP (12, 38).

Anatomy, histology, and immunohistochemistry. X-ray anal-
ysis of wild-type and COMP-null mice did not show any skel-
etal abnormalities (Fig. 4). The epiphysis and metaphysis of
long bones were similar in size and morphology, indicating
normal ossification in the COMP-null mice. Histological inves-
tigations of tibias from newborn (Fig. 5A and B) and 4-month-
old (Fig. 5C and D) animals did not reveal any obvious defects.
The structure of the growth plates and the ossification were
identical in COMP-null and wild-type littermates. Histological
examination of knee articular cartilage did not show any signs
of osteoarthritis in 7-month-old COMP-null mice (Fig. 5E and
F). Furthermore, no osteoarthritis was detected in COMP-null
mice up to 14 months of age (data not shown). No morpho-
logical abnormalities in the COMP-null mice were detected in
sternum, vertebra, or tendons in the tail. The morphology of
the inner organs (heart, liver, lung, kidney, spleen, duodenum,
and testis) was normal (data not shown).

Immunostaining of tibias from newborn mice with COMP
antiserum shows the absence of COMP in mutant cartilage
(Fig. 6A and B). No change in staining patterns or increase in
the amounts of TSP-1, TSP-2, TSP-3, and TSP-4 could be
detected by immunohistochemistry. TSP-1 antiserum stained

FIG. 2. Northern blot and RT-PCR. (A) Northern blot analysis of
RNA isolated from the processus xiphoideus of wild-type (wt) and
mutant (m) littermates. Filters were hybridized with TSP-1, TSP-3,
TSP-4, and a COMP probe. A glyceraldehyde phosphodehydrogenase
(GAPDH) probe was used as a control. (B) RT-PCR analysis of
COMP mRNA. COMP cDNA was reverse transcribed from processus
xiphoideus poly(A)� RNA by using reverse transcriptase. PCR prim-
ers located upstream of the HindIII site used for insertion of the
pGKNeo gene were used in the amplification of wild-type (lane 1) and
COMP-null (lane 2) cDNAs. As a control, cDNAs were amplified with
wild-type (lane 3) and COMP-null (lane 4) fibromodulin primers. Lane
5, control amplification without prior reverse transcription of poly(A)�

RNA from COMP-null mice with fibromodulin primers.

FIG. 3. Western blot analysis of proteins extracted from the pro-
cessus xiphoideus of a wild-type mouse (lanes 1 and 3) and a COMP-
null mouse (lanes 2 and 4). Proteins were separated on a sodium
dodecyl sulfate–10% polyacrylamide gel and transferred to nitrocellu-
lose filters. COMP (lanes 1 and 2) and fibromodulin (lanes 3 and 4), as
controls, were detected with antisera followed by 125I-labeled goat
anti-rabbit IgG.
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the cartilage in both wild-type and COMP-null tibias (Fib. 6C
and D). The TSP-2 antiserum stained cartilage and tendon
tissue where the patellar tendon contacts cartilage (Fig. 6E and
F). TSP-3 antisera stained cartilage, tendon, ligament, and
muscle tissue (Fig. 6G and H). No staining was observed with
a TSP-4 antiserum (Fig. 6I and J).

Ultrastructural analysis of growth plate cartilage, articular
cartilage, and Achilles tendons showed normal cell morphol-
ogy and a normal collagen fibrillar network in the extracellular
matrix (Fig. 7). The Achilles tendon fibrils had average diam-
eters of 122 nm (n � 400) and 128 nm (n � 400) in the
wild-type and COMP-null mice, respectively. Morphometric
analysis of tail tendon fibrils show an average fibril diameter of
121 nm (n � 300) and 119 nm (n � 300) in wild-type and
COMP-null animals, respectively.

DISCUSSION

It has been proposed that COMP plays an important role in
cartilage by binding to type II and type IX collagen (20, 37).
Such interactions bridging collagen fibrils would be of great
importance for maintaining the structure and mechanical
properties of the tissue. In addition to the putative structural
functions of COMP, it has been postulated that the protein
may have a role in storage and delivery of hydrophobic hor-

mones. COMP binds retinol, retinoic acid, and vitamin D with
high affinity in the N-terminal axial pore of the five-stranded
coiled-coil domain (15). This binding may have implications in
the morphogenesis and repair of cartilage and for the miner-
alization of bone. The absence of an apparent phenotype in the
COMP-null mice indicates that there may be functionally com-
plementary proteins taking over the roles of COMP, possibly a
closely related thrombospondin. However, RNA transfer blot
analysis did not reveal any changes in the steady-state levels of
TSP-1, TSP-3, and TSP-4 mRNA in the COMP-null mice. In
addition, immunostainings of cartilage with TSP-1, TSP-2,
TSP-3, and TSP-4 antisera did not reveal any differences be-
tween wild-type and COMP-null mice. Generation of double-
deficient mice, lacking e.g., COMP and TSP-3, should resolve
the question of redundancy among thrombospondins. These
results suggest that development and normal homeostasis of
cartilage does not require COMP.

Some 50 COMP mutations have been documented in pa-
tients with PSACH and MED. The clinical manifestations can
be mild to severe. PSACH generally shows the more severe
clinical features, with dwarfism, joint laxity, and characteristic
vertebral, epiphyseal, and metaphyseal abnormalities. The
PSACH cartilage matrix contains dramatically reduced
amounts of COMP, and the chondrocytes show large rER
cisternae with a unique lamellar appearance (17). These cis-
ternae contain COMP, decorin, fibromodulin, and type IX,
type XI, and type XII collagen (16, 43). On the other hand,

FIG. 4. X-ray skeletal analysis of 11-week-old wild-type (left) and
COMP-null (right) littermates. Lower panels show side views of hind
legs.

FIG. 5. Histology. Hematoxylin-eosin staining was carried out on
tibias from newborn wild-type (A) and COMP-null (B) mice, tibias
from 4-month-old wild-type (C) and COMP-null (D) littermates, and
knee articular cartilage from 7-month-old wild-type (E) and COMP-
null (F) littermates.
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type II collagen and aggrecan appear to be secreted normally
from PSACH chondrocytes (11, 43). The mutations in COMP
apparently cause severe alterations in the secondary structure
and result in misfolding and retention in the chondrocyte rER.
Mutated and misfolded COMP molecules may bind to other
cartilage components in the rER and also reduce their secre-
tion. This reduced secretion of many extracellular matrix com-
ponents may lead to the pathology of PSACH. The accumu-
lation of extracellular matrix components in rER may also
seriously impair the activity of chondrocytes, leading to defi-
cient production of the components required for a functional
cartilage matrix. In some PSACH patients COMP can be de-
tected at low levels in the cartilage matrix, indicating that some
mutated COMP is secreted (43). It has been hypothesized that
mutations in the C-terminal domain of COMP disrupt the
interaction with type IX collagen and prevent the assembly of
a functional cartilage matrix in PSACH/MED (20). These ex-
tracellular assembly abnormalities could result from mutations
in the binding sites or from reduced amounts of COMP or type
IX collagen in the cartilage matrix. Mice lacking COMP do not
show a phenotype resembling the clinical manifestations of

PSACH/MED in humans, strongly suggesting that COMP-type
IX collagen interactions are not essential for a functional car-
tilage matrix. However, it cannot be ruled out that the pheno-
type in PSACH/MED cartilage results from the presence of
mutated COMP in the extracellular matrix, preventing key
events in matrix assembly.

Our results show that the phenotype in PSACH/MED car-
tilage disorders is caused not by the reduced amount of COMP
but by some other mechanism, such as folding defects or ex-
tracellular assembly abnormalities due to dysfunctional mu-
tated COMP.
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