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Abstract
In an effort to define the biological functions of COMP, a functional genetic screen was performed.
This led to the identification of extracellular matrix protein 1 (ECM1) as a novel COMP-associated
partner. COMP directly binds to ECM1 both in vitro and in vivo. The EGF domain of COMP and
the C-terminus of ECM1 mediate the interaction between them. COMP and ECM1 Colocalize in the
Growth Plates in Vivo. ECM1 inhibits chondrocyte hypertrophy, matrix mineralization, and
endochondral bone formation, and COMP overcomes the inhibition by ECM1. In addition, COMP-
mediated neutralization of ECM1 inhibition depends on their interaction, since COMP largely fails
to overcome the ECM1 inhibition in the presence of the EGF domain of COMP, which disturbs the
association of COMP and ECM1. These findings provide the first evidence linking the association
of COMP and ECM1 and the biological significance underlying the interaction between them in
regulating endochondral bone growth.

Introduction
Cartilage oligomeric matrix protein (COMP), a prominent noncollagenous component of
cartilage extra-cellular matrix, is a 524-kDa pentameric, disulfide-bonded, multidomain
glycoprotein composed of approximately equal subunits (~110 kDa each) (Morgelin et al.,
1992; Oldberg et al., 1992). It accounts for ~1% of the wet weight of tissue and has also been
localized in tendon, bone (osteoblasts only), and synovium (Bosco et al., 2007; Di Cesare et
al., 2000; Hedbom et al., 1992). Although COMP has been implicated in the regulation of
chondrogenesis in a micromass culture of mesenchymal stem 10T1/2 cells and in limb

© 2009 Elsevier B.V. All rights reserved.
¶To whom correspondence should be addressed: Room 1608, NYU HJD Department of Orthopaedic Surgery, New York University
School of Medicine, 301 East 17th Street, New York, NY 10003. Tel: 212-598-6103; Fax: 212-598-6096; chuanju.liu@med.nyu.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Matrix Biol. Author manuscript; available in PMC 2011 May 1.

Published in final edited form as:
Matrix Biol. 2010 May ; 29(4): 276–286. doi:10.1016/j.matbio.2010.01.007.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



development in vivo (Kipnes et al., 2003; Koelling et al., 2006; Xu et al., 2007), its function
remains largely unknown. COMP has been shown to be upregulated after traumatic knee injury
(Kuhne and Banks, 1998) and has been implicated in the pathogenesis of rheumatoid arthritis
and osteoarthritis (Di Cesare et al., 1996; Neidhart et al., 1997; Saxne and Heinegard, 1992).
Monitoring COMP levels in either joint fluid or serum can be used to assess the presence and
progression of arthritis (Kraus et al., 2002; Lohmander et al., 1999; Mansson et al., 1995;
Misumi et al., 2002; Neidhart, 1996; Petersson et al., 1998). Mutations in the human COMP
gene have been linked to the development of pseudoachondroplasia and multiple epiphyseal
dysplasia, autosomal-dominant forms of short limb dwarfism characterized by short stature,
normal facies, epiphyseal abnormalities, and early onset osteoarthritis (Briggs et al., 1995;
Briggs et al., 1998; Briggs et al., 1993; Hecht et al., 1993; Hecht et al., 1995; Susic et al.,
1997).

COMP is expressed in the pericellular matrix of maturing articular chondrocytes (Susic et al.,
1997) as well as growth plate (Xu et al., 2007) in vivo, which suggests that COMP may play
an important role in chondrogenesis and endochondral bone growth. In addition, COMP
associates with granulin-epithelin precursor (GEP), an autocrine growth factor, and potentiates
GEP-stimulated chondrocyte proliferation (Xu et al., 2007). One of the aims of the present
study was to isolate the novel proteins that associate with COMP in order to elucidate its
biological functions in skeletogenesis. A yeast two-hybrid screen using the EGF domain of
COMP as bait led to the isolation of extracellular matrix protein 1 (ECM1) as a novel COMP-
binding protein.

ECM1 was first identified as a glycosylated 85-kDa protein secreted by a mouse osteogenic
stromal cell line MN7 (Mathieu et al., 1994). Intriguingly, loss-of-function mutations in the
ECM1 gene were discovered to be the cause of the rare autosomal recessive genodermatosis,
lipoid proteinosis (Hamada et al., 2002; Hamada et al., 2003). Moreover, other studies have
identified circulating autoantibodies against the ECM1 protein in most patients with lichen
sclerosus, a common chronic inflammatory condition that shares some clinicopathological
features with lipoid proteinosis (Chan, 2004; Chan et al., 2004; Oyama et al., 2003). Within
the dermis, ECM1 binds to perlecan, the major heparan sulphate proteoglycan (Mongiat et al.,
2003). Recent studies showed that ECM1 binds to other extracellular matrix proteins, including
collagen type IV, fibronectin, laminin 332, fibulin-1C/1D and MMP-9 (Sercu et al., 2008a).
Due to its promiscuous interaction with different matrix molecules it was hypothesized that
ECM1 may act as a “biological glue” helping to regulate the basement membrane and
interstitial collagen fibril macroassembly and growth factor binding in the skin. However,
overexpression of ECM1a in vivo does not exert dramatic effects on epidermal structure (Sercu
et al., 2007). A recent report provides genetic evidence linking ECM1 to ulcerative colitis and
Crohn’s disease, debilitating inflammatory bowel diseases (Fisher et al., 2008).

ECM1 plays also a role in endochondral bone formation (Deckers et al., 2001), promotes
proliferation of endothelial cells, and induces angiogenesis (Han et al., 2001; Mongiat et al.,
2003). Here we provide evidence demonstrating a novel interaction between ECM1 and COMP
and elucidate the biological significance of the association between these two critical
extracellular matrix proteins in mediating endochondral bone growth.

Materials and Methods
Plasmid Constructs

Yeast expression vectors pDBleu and pPC86 (both from Invitrogen) are fusion vectors for the
linkage of proteins to the Gal4 DNA binding domain and to the VP16 transactivation domain,
respectively. The fragments encoding the four functional domains (i.e., the N-terminal domain
(aa 20–83), EGF repeat domain (aa 84–261), type III repeat domain (aa 266–520), and C-
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terminal domain (aa 521–755; GenBank™ accession number AF257516) of mouse COMP
were amplified by PCR and cloned in frame into the SalI/NotI sites of pDBleu (pDB-COMP-
NT, pDB-COMP-epidermal growth factor, pDB-COMP-type III, and pDB-COMP-CT) to
serve as bait in the screening assay.

The bacterial expression vector pGEX-3X (Invitrogen) was used to produce recombinant
glutathione S-transferase (GST) fusion proteins in Escherichia coli. The cDNA fragments
encoding the four functional domains (i.e., the N-terminal (aa 20–83), EGF repeat domain (aa
84–261), type III repeat domain (aa 266–520), and C-terminal domain (aa 521–755) of mouse
COMP were inserted in frame into the BamHI/EcoRI sites of pGEX-3X to generate the
plasmids pGEX-N-term, pGEX-EGF, pGEX-type III, and pGEX-C-term, respectively. The
bacterial expression pBAD TOPO vector (Invitrogen) was used to produce His-tagged proteins
in E. coli.

Constructs encoding different fragments of ECM1a fused to GST were described previously
(Oyama et al., 2004). Fragment of intact δF/COOH (aa 360–540) and partial C δP/COOH (aa
360–480) terminal of ECM1 (Fig. 4A) were subcloned into the pBAD TOPO vector per the
manufacturer’s instructions to generate the indicated plasmids.

All constructs were verified by nucleic acid sequencing; subsequent analysis was performed
using BLAST software (available at ncbi.nlm.nih.gov/blast/).

Expression and Purification of Recombinant Proteins
For expression of GST fusion proteins, the appropriate plasmid pGEX-N-term, pGEX-EGF,
pGEX-typeIII, pGEX-C-term, or different fragments of ECM1 subcloned into the pGEX-3X
was transformed into E. coli DH5 (Invitrogen). Fusion proteins were affinity-purified on
glutathione-agarose beads, as described previously (Liu et al., 1999). To cleave off and remove
the GST moiety from the GST-fused catalytic domain, 50 µg of purified GST fusion protein
was incubated with 1 µg of Xa factor (New England Biolabs, Beverly, MA) in 20 µl of 20mM
Tris-HCl (pH 8.0), 100mM NaCl, and 2mM CaCl2 at 23°C for 8 h. The reaction was terminated
by the addition of 2 µM dansyl-Glu-Gly-Arg-chloromethyl ketone (New England Biolabs) and
incubated at room temperature for 1 min. The completion of the cleavage was established by
SDS-PAGE, and the resultant GST moiety was removed using GSH-Sepharose 4B beads
(Amersham, Piscatway, NJ).

His-δF/COOH and His-δP/COOH were purified by affinity chromatography using a HiTrap
chelating column (Amersham Biosciences). Briefly, bacteria lysates supplemented with 20mM
HEPES (pH 7.5) and 0.5M NaCl were applied to the HiTrap chelating column; the column
was washed with HSB buffer (40mM HEPES, pH 7.5, 1M NaCl, and 0.05% Brij 35) containing
10mM imidazole; and the His-δF/COOH and His-δP/COOH were eluted with HSB buffer
containing 300mM imidazole.

Recombinant intact COMP and ECM1 were expressed and purified from corresponding stable
lines derived from HEK 293 cells (Liu et al., 2006a; Luan et al., 2008; Sercu et al., 2009). Flag-
tagged COMP functional domains (i.e., the N-terminal (aa 20–83), EGF repeat domain (aa 84–
261), type III repeat domain (aa 266–520), and C-terminal domain (aa 521–755) were
expressed and purified in insect cells using The Bac-to-Bac Baculovirus Expression System
(Invitrogen). Our previous procedure was followed (Liu et al., 2006a).

Generation and Characterization of Monoclonal Antibodies against Distinct COMP
Functional Domains

Recombinant EGF and type III domain of COMP was used to inject mice for generating
monoclonal antibodies. Briefly, Balb/c female mice were immunized with two intraperitoneal
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injections of 30 mg of recombinant EGF-COMP fragment solubilized in Titertec Gold adjuvant
(Sigma), and spleens were fused with NS1 myeloma cells after detection of a sufficient level
of circulating Igs (3–4 weeks after the initial immunization). Hybridoma clones were initially
screened by ELISA and subsequently by immunoblotting. Positive clones were further
subcloned by limiting dilution and ascertained to have maintained their reactivity by ELISA
on the immunogen.

To examine the specificity of newly made monoclonal antibodies, Western blot assays using
purified GST, GST-EGF, GST–type III, recombinant COMP, and COMP condition medium
were performed. Protein samples were subjected to 10% SDS-PAGE and electrotransferred to
nitrocellulose membranes for 2 h at 100 V using a standard transfer solution. Nonspecific
bindings were blocked in TBS-T (25mM Tris, 140mM NaCl, 3mM KCl, 0.05% Tween-20,
pH 8.0) containing 10% nonfat milk at 4°C. Membranes were incubated with primary anti-
COMP monoclonal antibodies (2114B3-EGF, 2130E2 type III) at 1:1000 dilutions for 2 hr at
room temperature, followed by antimouse IgG conjugated HRP at 1:1000 dilution. The proteins
were visualized by chemiluminescence using an ECL kit (Amersham Pharmacia Biotech).

Yeast Two-hybrid (Y2H) Library Screen
Plasmid pDB-COMP-epidermal growth factor (see above) was used as bait to screen the Y2H
rat brain cDNA library (Invitrogen) according to a modified manufacturer's protocol. Briefly,
bait plasmid was introduced into a yeast MAV203 strain that contained three reporter genes,
HIS+, URA+, and lacZ (Invitrogen), and transformants were selected on defined medium
lacking leucine. The rat brain cDNA library in the vector pPC86 was then transformed into the
resultant Leu+ yeast strain and plated on medium lacking tryptophan, leucine, histidine, and
uracil but containing 25mM 3-amino-1,2,4-trizone that can specifically inhibit the activity of
HIS3 gene product and block the basal concentration of HIS3 in yeast (SD-leu−/trp−/his−/
ura−/3AT+). After incubation for 7–10 days at 30°C, colonies were screened for β-galactosidase
by a filter lift assay (Hecht et al., 1995). Individual pPC86 recombinant plasmids that were
identified in the initial screen were further verified for interaction with bait by repeating the
Y2H assay.

Assay of Protein-Protein Interactions Using the Y2H System
Three independent colonies were analyzed for interaction in yeast of two proteins, one of which
was fused to the Gal4 DNA binding domain and the other to the VP16 transactivation domain.
The procedures of Vojtek et al. (Vojtek et al., 1993) and Hollenberg et al. (Hollenberg et al.,
1995) were followed for (1) growing and transforming the yeast strain MAV203 with the
selected plasmids; and (2) β-galactosidase activity and growth phenotypes on selective SD-
leu−/trp−/his−/ura−/3AT+ plates.

In Vitro Binding Assay
For examination of the binding of COMP to ECM1 in vitro, glutathione-Sepharose beads (50
µl) preincubated with either purified GST (0.5 µg, serving as control) or the GST-fused EGF-
like domain of COMP were incubated with a condition medium prepared from HEK293 cells
stably transfected with an expression plasmid encoding full-length mouse ECM1. The beads
were washed 5 times with washing buffer (0.3% Triton X-100 in phosphate-buffered saline).
Bound proteins were resolved by 12% SDS-PAGE and detected by Western blotting with
polyclonal rabbit anti-ECM1 antiserum (Rb469). To dissect the fragments of ECM1 required
for interaction with COMP, glutathione-Sepharose beads (50 µl) preincubated with either
purified GST (0.5 µg, serving as control) or the GST fused various fragments of ECM1 were
incubated with COMP, respectively. Bound proteins were processed as described above.
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In the case of the binding assay for determining whether whole C-terminal domain of ECM1a
is required for its binding to COMP, ProBind resin (Invitrogen) bearing either His, His-tagged
δF/COOH, or His-tagged δP/COOH was incubated with COMP and the bound proteins
processed as described above.

Solid-phase Binding Assay
Microtiter plates (96-well EIA/RIA plates, Costar, Badhoevedorp, Netherlands) were coated
with various amounts (0.001–5.000 µg) of purified ECM1 in 100 µl of TBS buffer (50mM
Tris-HCl, 150mM NaCl, pH 7.4) overnight at 4°C. Wells were blocked with 1% bovine serum
albumin in TBS buffer for 3 h at 37°C. After washing with TBS and 0.05% Tween, 100 µl of
50 µg/ml of COMP was added to each well, followed by the addition of 10mM CaCl2; samples
were then allowed to bind overnight at 4°C. Bound protein from the liquid phase was detected
by mouse monoclonal antibody against COMP, followed by a secondary antimouse antibody
conjugated with horseradish peroxidase (HRP; Antigenix America, Huntington Station, NY)
and 5-amino-2-hydroxybenzoic acid as a substrate, with absorbance measured at 490 nm in an
ELISA reader.

Coimmunoprecipitation (co-IP) Assay
Approximately 1 ×107 human primary chondrocytes were harvested, washed twice with ice-
cold PBS, suspended in 500 µl of a co-IP buffer (150mM NaCl, 10mM Tris-HCl [pH 7.4],
0.1% Nonidet P-40, 1mM phenylmethylsulfonyl fluoride, 50 mg leupeptin per ml), and briefly
sonicated, and the cell debris was pelleted. Cell extracts were incubated with anti-ECM1
(Rb469) anti-COMP (2114B3) or control rabbit IgG (25 µg/ml) antibodies at room temperature
for 2 h, followed by incubation with 30 µl of protein A-agarose (Invitrogen) at 4°C overnight.
After washing 5 times with immunoprecipitation buffer, bound proteins were released by
boiling in 20 µl of 2× SDS loading buffer for 3 min (Liu et al., 2002). Released proteins were
examined by Western blotting with either anti-COMP (Di Cesare et al., 1999; Liu et al.,
2006a) or anti-ECM1 antibodies (Rb469) and the signal detected using the ECL
chemiluminescent system.

Immunohistochemistry
Five-micrometer-thick formalin-fixed paraffin sections of 18.5-day-old embryonic murine
limbs were immunostained for ECM1. The sections were pretreated with 0.1% trypsin for 30
min at 37°C followed by 3% BSA, 20% goat serum block for 1 h at room temperature to reduce
nonspecific staining. Polyclonal anti-ECM1 antibody (Rb471) or preimmune serum (serving
as a negative control) was diluted at 1:100 and incubated overnight at 4°C. Binding of primary
antibodies was detected using biotinylated antigoat secondary antibody (Vector ABC Elite kit)
diluted at 1:200 and incubated for 1 h at 37°C followed by Vector ABC peroxidase (Vector)
at 37°C for 1 h and developed with DAB (Sigma) for 2 min at room temperature. Sections were
counterstained with methyl green (Dako). For the assay examining COMP expression, the same
protocol was followed except that anti-COMP antibody was used in place of anti-ECM1
(Rb471).

Culture of 15.5-day-old Fetal Mouse Bone Explants and Histochemistry
Fetal mouse metatarsals were dissected from 15.5-day-old fetal BL/6 mice and cultured in
αMEM (Invitrogen) containing 10% heat-inactivated fetal calf serum (Invitrogen) and 100 U
penicillin/streptomycin (Gibco BRL) per ml (Deckers et al., 2001) in the presence of
recombinant ECM1, COMP, EGF domain of COMP, and various combinations of these. After
6 days in culture, one group of explants were placed in 4% PFA in PBS for overnight fixation
before being placed in staining solution (0.05% Alizarin red, 0.015% Alcian blue, 5% acetic
acid in 70% ethanol) for 45–60 min; another group was fixed in 96% alcohol and processed
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for paraffin embedding for histological examination. Five-micrometer paraffin sections were
cut and stained with Weigert’s Iron Hematoxylin 5 min followed by 0.02% Fast Green for 5
min and 0.1% Sa-franin O for 20 min.

Statistical Test
Two-sample Student’s t-tests were used to determine significant differences (p < .05) in total
and mineralized regions of cultured mouse fetal metatarsal bones.

RESULTS
Isolation of ECM1 as a COMP Binding Partner

To better understand the biological functions of COMP, we performed a Y2H screen. Briefly,
we linked the four functional domains of COMP [the N-terminal pentamerizing domain (aa
20–83), the EGF-like domain (aa 84–261), type 3 repeats (aa 266–520), and the C-terminal
domain (aa 521–755)] to the Gal4 DNA-binding domain in the plasmid pDBleu. We used the
respective constructs as bait to screen a library of rat brain cDNA expressed as fusion proteins
to the VP16 acidic activation domain in the vector pPC86.

A Y2H rat cDNA library was screened with the construct encoding the EGF-like domain of
COMP .(Gomez-Barrena et al., 2006) We screened ~2.5 million clones and identified 21 that
activated the three reporter genes. Further tests involved the retransformation of yeast with the
purified target plasmids and bait. Only 12 of the original 21 yeast clones expressed hybrid
proteins that still interacted with the EGF-like domain bait (not shown). Two of the positive
clones encoded two N-terminal truncated mutants (aa 108–562 and aa 224–562) of the
extracellular matrix protein 1 (ECM1).

Confirmation of Interaction between ECM1 and COMP in Yeast
The Y2H assay was repeated to verify the interaction between the EGF-like domain of COMP
and ECM1. The plasmid encoding the EGF-like domain of COMP linked to the Gal4 DNA-
binding domain and the plasmid encoding the C-terminus of ECM1 fused to the VP16 acidic
activation domain were used to cotransform the yeast. Like the c-Jun/c-Fos pair, which interacts
and is used as a positive control, our assays indicated that COMP interacts with ECM1 in yeast,
based on the activation of the lacZ reporter gene (Fig. 1A) and growth phenotypes on SD-
leu−/trp−/his−/ura−/3AT+ plates (Fig. 1B).

COMP Directly Binds to ECM1
To verify the interaction between COMP and ECM1 that was first identified in yeast, a GST
pull-down assay was performed to test whether the EGF-like domain of COMP binds to ECM1
in vitro. Purified GST or GST fused EGF domain of COMP (Fig. 2A) was conjugated to the
glutathione-sepharose beads and incubated with a conditioned medium bearing ECM1. After
washing, the bound proteins were detected with anti-ECM1 antibodies Rb469, which targeting
to the carboxyl terminus of the mouse ECM1 protein (encoded by exon 11) and recognizing
all ECM1 iso-forms (Bhalerao et al., 1995;Smits et al., 1999;Smits et al., 1997). As shown in
Fig. 2B, the GST-fused EGF domain of COMP efficiently pulled down ECM1 (lane 2), whereas
GST did not (lane 1). These results clearly indicate that the EGF domain of COMP binds to
ECM1 in vitro.

The interaction between COMP and ECM1 was also characterized by an in vitro solid-liquid-
phase titration experiment in which the dilution series of recombinant intact ECM1 and COMP
showed dose-dependent binding and saturation to the liquid-phase COMP (Fig. 2C). The
interaction between COMP and ECM1 was direct, since both COMP and the ECM1 were used
as purified recombinant proteins.
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Binding of COMP to ECM1 in Human Primary Chondrocytes
The in vivo interaction between COMP and ECM1 was verified using a Co-IP assay in order
to determine whether these two proteins are bound in human primary chondrocytes. For the
Co-IP assays, cell extracts prepared form human chondrocytes were incubated with either anti-
ECM1 antiserum Rb469, anti-COMP antiserum 2114B3, or control IgG, and the
immunoprecipitated complexes were subjected to a reducing SDS-PAGE and detected with
anti-COMP antibody. A specific COMP band was present in the immunoprecipitated
complexes brought down by anti-ECM1 (Fig. 2D, lane 2) but not control IgG (lane 3)
antibodies. An opposite co-IP assay using anti-ECM1 antibody indicated that ECM1 also
precipitated COMP (Fig. 2E, lane 1), while control IgG (lane 3) did not, clearly indicating that
these two proteins associate in vivo.

EGF-like and C-terminal domains of COMP bind to ECM1
After ECM1 was identified as a COMP-binding protein using the Y2H screen, we sought to
establish whether, in addition to the EGF domain, other domains of COMP associate with
ECM1. A filter-based β-galactosidase assay was used to determine whether coexpression of
the various domains of the COMP/Gal4 DNA-binding domain and ECM1/VP16 acidic
activation domain fusion proteins activate the reporter lacZ gene. Each domain of COMP was
cotransformed with ECM1 into yeast and an X-gal assay was performed (Figs. 3A, 3B). Similar
to the EGF-like domain, the C-terminus of COMP also binds to ECM1 in yeast (Fig. 3B),
indicating that there exist two ECM1-binding domains in COMP. In addition, recombinant
COMP fragments corresponding to N-terminal, type II (aka EGF-like repeats), type III and C-
terminal domains were produced in insect cells using baculovirus system (Fig. 3C), and their
binding ability to ECM1 was examined using solid-phase binding assay (Fig. 3D). Note that
EGF-like domain of COMP showed higher binding affinity to ECM1 than does C-terminal
domain of COMP.

C-terminus of ECM1 Is Required and Sufficient for Interaction with COMP
We next expressed and purified various deletion mutants of ECM1 as either GST-fused or His-
tagged proteins (Fig. 4A), and performed an in vitro pull-down assay to dissect the COMP-
binding region in ECM1. The purified deletion mutants of ECM1 fused to GST were verified
by SDS-PAGE analysis (Fig. 4B). Results from in vitro GST pull-down assays of these mutants
indicated that the fragment (aa340–540) containing the full-length C-terminus plus partial
repeat 2 bound to COMP, while the other mutants did not (Fig. 4A,C). To further determine
whether the C-terminus (aa 360–540) alone is sufficient for the binding to COMP, we
performed a His pull-down assay using purified His-tagged mutants (Fig. 4D). As shown in
Fig. 4E, the C-terminus (aa 360–540) of ECM1 clearly pulled down COMP while the partially
C-terminal domain (aa 360–480) did not. Based on this set of assays, we concluded that the C-
terminus (aa 360–540) of ECM1 is required and sufficient for its interaction with COMP.

COMP and ECM1 Colocalize in the Growth Plate in Vivo
We next examined the in vivo expressions of COMP and ECM1 and sought to determine
whether these two proteins show overlapping expression patterns in vivo using immunostaining
assays on the 18.5-day-old embryonic murine growth plate. As shown in Fig. 5, both ECM1
and COMP are expressed throughout the growth plate chondrocytes. In addition, these two
proteins overlapped in the pericellular matrix of hypertrophic chondrocytes.

Recombinant EGF domain of COMP is able to disturb the interaction between COMP and
ECM1

Since we have shown that the EGF-like domain of COMP demonstrates higher binding affinity
to ECM1 (Fig. 3), next we sought to determine whether the recombinant EGF domain of COMP
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affects the binding of ECM1 to full-length COMP. For this purpose, we first generated a panel
of monoclonal antibodies using purified COMP functional domains as antigens. Briefly, both
the EGF-like and type III domains of COMP (see Fig. 3 for structure) were purified as GST
fusion proteins and the GST moiety was further removed by an Xa factor. Two monoclonal
antibodies, 2114B3-EGF and 2130E2–type III, generated using the recombinant EGF and type
III domains of COMP as antigens, respectively, were employed in this experiment. As revealed
in Fig. 6A, 2114B3-EGF specifically recognized the full-length and EGF domains of COMP,
but not the type III domain, whereas 2130E2–type III reacted with the full-length and type III
domains of COMP, but not the EGF domain of COMP (Fig. 6B). We next performed Co-IP
using these monoclonal antibodies together with anti-ECM1, which efficiently precipitates
COMP (Fig. 2B). Briefly, the conditioned medium collected from HEK293 cells cotransfected
with ECM1 and COMP expression plasmid was supplemented with an excess amount of
purified recombinant GST-EGF domain of COMP and immunoprecipitated with various
antibodies, as indicated in Fig. 6 (panel C and D). Although anti-ECM1 efficiently precipitated
COMP (Fig. 2), the same anti-ECM1 antibody failed to do so in the presence of the recombinant
EGF domain of COMP (lane 1 in Fig. 6C), indicating that the recombinant EGF domain of
COMP is able to disturb the association between ECM1 and COMP. This finding was further
verified with the 2130E2–type III monoclonal antibody that reacts with the type III domains
of COMP, since it efficiently precipitated COMP but not ECM1 in the presence of excess of
recombinant EGF domain. In addition, 2114B3-EGF monoclonal antibody that recognizes the
EGF domains of COMP precipitated ECM1 but not COMP, demonstrated that ECM1 was
occupied by excess recombinant EGF domain.

Effect of Recombinant ECM1 and COMP on Endochondral Bone Formation
The effect of recombinant ECM1 and COMP on endochondral bone formation was studied in
an in vitro model using cultures of fetal mouse metatarsals. At time of explantation, explants
consisted of undifferentiated cartilage. Over a 6-day culture period, these explants proceeded
through all the stages of endochondral bone formation. The hypertrophic condition of growth
plate chondrocytes was confirmed by Alizarin red/Alcian blue staining, which identifies
calcified chondrocyte matrix. Consistent with a previous report (Deckers et al., 2001), culturing
explants in the presence of ECM1 strongly decreased mineralization in and length of the
hypertrophic chondrocyte zone of cultured metatarsals (Fig. 7A:b) when compared to controls
(Fig. 7A:a). Interestingly, addition of COMP in the medium produced negligible effects (Fig.
7A: c); however, addition of COMP corrected ECM1-mediated inhibition of chondrocyte
hypertrophy, matrix mineralization, and endochondral bone growth (Fig. 7A: d). In contrast,
COMP largely failed to overcome ECM1 inhibition of endochondral bone formation in the
presence of the recombinant EGF domain of COMP that was found to disturb the interaction
between COMP and ECM1 (Fig. 6 and Fig. 7A: e). These findings suggest that the association
of ECM1 and COMP is important for appropriate regulation of endochondral bone formation.
The regulation of chondrocyte hypertrophy by ECM1/COMP interaction was confirmed by
staining of histological sections with Safranin O (Fig. 7A: f–j). Note that each group of explants
contained 6 different metatarsals from different mouse feet and that mean total length and mean
mineralized cartilage were measured at the start and end time points during the experiment
(Fig. 7B).

DISCUSSION
Yeast two-hybrid screening has proven to be an effective tool in identifying protein interaction
(Liu et al., 2001; Liu et al., 2003; Liu et al., 2006a). To identify protein interaction partners of
COMP, an extra-cellular matrix protein that has been implicated in the regulation of
chondrogenesis and endochondral bone formation, we screened the yeast expression cDNA
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library using the EGF repeat domain of COMP as bait and identified ECM1 as a direct binding
protein of COMP.

The ECM1 gene is located adjacent to the epidermal differentiation complex region on
chromosome 1q21 (Johnson et al., 1997; Smits et al., 1997). The ECM1 protein contains a
signal peptide of 19 amino acids followed by 4 functional domains: a cysteine-free N terminus,
two tandem repeats, and a C terminus (Mongiat et al., 2003; Smits et al., 1997). The latter three
cysteine-containing domains all have the typical CC-(X7–10)C arrangement that is capable of
forming protein double loops involved in protein–protein interactions (Bhalerao et al., 1995;
Smits et al., 1997). The CC-(X7−10)C motif is also present in the serum albumin family of
proteins and shows structural similarities to the Endo 16 calcium-binding protein of sea urchin
(Bhalerao et al., 1995; Godin et al., 1996). These could enable ECM1 to serve as a transporter
protein or to be involved in binding growth or differentiation factors (Fujimoto et al., 2005;
Mongiat et al., 2003). Indeed, several ECM1-binding partners have been reported; for instance,
the perlecan-ECM1 interaction was suggested to modulate endochondral bone formation,
angiogenesis, and tumorgenesis (Mirancea et al., 2006; Mongiat et al., 2003; Sercu et al.,
2008a). ECM1 associated with and inhibited MMP9 proteolytic activity, which may have
relevance to pathogenesis of lipoid proteinosis and tumor progression (Fujimoto et al., 2006;
Sercu et al., 2008b). Recent studies have demonstrated that ECM1 utilizes different regions to
bind to a variety of extracellular matrix components, such as laminin 332, collagen type IV,
fibronectin, hyaluronan, heparin, and chondroitin sulfate A (Sercu et al., 2008a). Our global
screen led to the isolation of ECM1 as a novel binding partner of COMP, and the interaction
between these two molecules appears to be important for endochondral bone growth (Fig. 1,
Fig. 2, Fig. 7). In addition, the EGF-like and C-terminal domains of COMP and the C-terminal
region of ECM1 are involved in the association between COMP and ECM1 (Fig. 3 and Fig.
4). Interestingly, EGF-like domain of COMP that exhibits higher binding affinity to ECM1
(Fig. 3) efficiently disturbs the binding of COMP to ECM1 (Fig. 6), although both EGF-like
and C-terminal domains are able to interact to ECM1, this is probably due to the fact the binding
of EGF-like domain to ECM1 affects the confirmation of ECM1 and in turn inhibits the binding
of full length COMP to ECM1.

COMP has been reported to interact with multiple protein partners, and these interactions are
important for its physiologic functions and cytoplasmic processing and transport. COMP
appears to mediate chondrocyte attachment via an integrin receptor (Di Cesare et al., 2000; Di
Cesare et al., 1994), and several reports suggest that COMP may function to stabilize the
cartilage extracellular matrix by specific cation-dependent interactions with matrix
components, including collagen types II and IX, fibronectin, aggrecan, and matrilin-1, -3, and
-4 (Chen et al., 2005; Di Cesare et al., 2002; Mann et al., 2004; Mansson et al., 1995; Rosenberg
et al., 1998). COMP has also been shown to associate with several chaperone proteins,
including BiP, calreticulin, protein disulfide, ERp72, Grp94, HSP47, and calnexin. It has been
proposed that these associations facilitate the processing and transport of wildtype COMP in
normal chondrocytes and in the retention of mutant COMP in pseudoachondroplasia
chondrocytes (Duke et al., 2003; Hecht et al., 2001; Vranka et al., 2001). In addition to the
interactions between COMP and its protein partners, the five-stranded N-terminal domain of
COMP forms a complex with vitamin D3, indicating that COMP has a storage function for
hydrophobic compounds, including prominent cell-signaling molecules (Ozbek et al., 2002).
We previously reported that ADAMTS-7 (Liu et al., 2006a) and ADAMTS-12 (Liu et al.,
2006b), two members of a family of metalloproteinases with similar domain structure and
organization, bind to the same EGF domain of COMP to which ECM1 binds and degrade
COMP in vitro. In addition, cleavage of COMP by ADAMTS-7 and ADAMTS-12 are
important factors in COMP degradation in osteoarthritis (Luan et al., 2008) and COMP
homeostasis in chondrogenesis (Bai et al., 2009a; Bai et al., 2009b). It remains to determine
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whether ECM1 affects COMP degradation and homeostasis by ADAMTS-7 and
ADAMTS-12.

COMP and ECM1 colocalize in growth plate in the day-18.5 mouse embryo (Fig. 5). These
results suggest an in vivo association between COMP and ECM1. ECM1 has been shown to
stimulate epithelial cell proliferation (Mirancea et al., 2007;Wang et al., 2003). ECM1-
mediated cell growth appears to be cell-type specific, since ECM1 was found to potently inhibit
chondrocyte proliferation in vitro; further-more, COMP neutralizes ECM1-mediated inhibition
of chondrocyte proliferation (data not shown). ECM1 is involved in regulating endochondral
bone formation (Chan, 2004;Deckers et al., 2001;Mongiat et al., 2003). In this study we showed
that ECM1 and COMP play opposite roles in regulating chondrocyte hypertrophy, matrix
calcification, and endochondral bone growth and that balanced regulation depends on their
interaction (Fig. 7). Although the molecular mechanism by which ECM1 and COMP regulate
endochondral bone formation in an opposite manner remains unknown, their association with
and modulation of granulin-epithelin precursor (GEP), an autocrine growth factor known to
be a stimulator of chondrocyte proliferation and differentiation (Xu et al., 2007), may represent
one of the molecular events in regulating endochondral bone growth by ECM1 and COMP.
We have reported that COMP associates with GEP and potentiates GEP-stimulated
chondrocyte proliferation (Xu et al., 2007). Interestingly, ECM1 was also found to interact
with GEP. COMP and ECM1, however, exert an opposite effect on GEP cell surface
localization: COMP enhances whereas ECM1 inhibits cell surface appearance of GEP (data
not shown), suggesting that COMP might present GEP growth factor to its receptor(s) whereas
ECM1 might sequester GEP from its receptor(s).

In conclusion, we first identified ECM1 in cartilage as a COMP-binding protein and
subsequently characterized this novel association and conducted functional assays showing
that endochondral bone formation is mediated by the interaction between ECM1 and COMP.
These findings advance our understanding of matrix/matrix interactions in skeletal biology and
may also provide a potential target for developing and optimizing a therapeutic application for
cartilage repair and treatment of arthritic disorders.
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Fig. 1. Binding of COMP to ECM1 in yeast
Yeast two-hybrid assay to test the interaction of proteins fused to the VP16 AD and proteins
fused to the Gal4 DBD. Each pair of plasmids, as indicated, encoding proteins fused to VP16
(below the line) in the vector pPC86 (i.e., pPC86-c-jun, pPC86-ECM1, and pPC86-Rb) and
those encoding proteins fused to Gal4 (above the line) in the vector pDBleu (i.e., pDB-c-fos,
pDB-COMP, and pDB-lamin) were cotransfected into yeast strain MAV203. Yeast
transformants were selected on SD-leu−/trp− plates and tested for β-galactosidase activity
(panel A), for growth on plates lacking histidine and uracil and containing 3AT (panel B, SD-
leu−/trp−/his−/ura−/3AT+). The known interaction between c-Jun and c-Fos was used as a
positive control, and the lack of interaction between Rb and lamin was used as a negative
control.
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Fig. 2. COMP binds to ECM1 in vitro and in vivo
A and B, COMP associates with ECM1 in vitro. A, Expression of GST-fused EGF domain of
COMP. Samples of affinity-purified GST and GST-EGF, as indicated, were examined by SDS-
PAGE and Coomassie Blue staining. B, GST pulldown assay. Purified GST (lane 1) or GST-
EGF fusion protein (lane 2) were conjugated to the glutathione-sepharose beads and incubated
with ECM1-conditioned medium. Proteins trapped by the EGF domain of COMP fused to GST
were examined by immunoblotting with anti-ECM1 antibodies. ECM1-conditioned medium
(lane 3) was used as a positive control. C, Solid-phase assay. Various amounts of recombinant
ECM1 protein, as indicated, were immobilized on 96-well microtiter plates. After blocking,
COMP was added to each well, and bound protein from the liquid phase was detected using
monoclonal antibodies against COMP. D and E, COMP interacts with ECM1 in vivo. Co-IP
assay. Cell extracts prepared from human primary chondrocytes were incubated with anti-
ECM1 (lane 1) anti-COMP (lane 2) or control IgG (lane 3) followed by protein A-agarose. The
immunoprecipitated protein complexes were examined by immunoblotting with anti-COMP
(D) and anti-ECM1 (E) antibodies.
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Fig. 3. ECM1 selectively binds to the EGF-like and C-terminal domain of COMP
A, schematic structure of COMP constructs used to map those domains (N-terminal, EGF-like,
type III, and C-terminal domain) that bind to ECM1. The presence or absence of binding
between COMP domains and ECM1 is indicated as plus or minus sign, respectively. B, β-
galactosidase activity was used to test the interaction between the ECM1 and one of four
domains of COMP. Three independent yeast transformants for each pair of plasmids were
transferred onto a nitrocellulose membrane, and β-galactosidase activity was determined. The
known lack of interaction between Rb and lamin served as a negative control. C, Purified Flag-
tagged COMP fragment, as indicated, were separated on SDS-PAGE and visualized by
Coomassie blue staining. D, Solid-phase assay. Comparable amounts of purified COMP
fragments, as indicated in panel C, were immobilized on 96-well microtiter plates. After
blocking, recombinant ECM1 was added to each well, and bound protein from the liquid phase
was detected using antibodies against ECM1.
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Fig 4. C-terminus of ECM1 is required and sufficient for interaction with COMP
A, Schematic representation of various ECM1a deletion mutants fused to either GST or His
tag. The amino acid residue numbers are indicated. The predicted molecular weights (kDa) of
each recombinant fusion fragment are shown on the right. B~E, Pull down assay. Purified
ECM1 mutants fused to GST (B) and His-tagged ECM1 mutants (D) were separated on SDS-
PAGE and visualized by Coomassie blue staining. These purified proteins were conjugated to
either Glutathione-sepharose beads (C) or Pro-bond beads (E) and incubated with recombinant
COMP. After washing, the bound proteins were immunoblotted using anti-COMP antibody.
GST fused ECM1 mutants in panel B with expected sizes are indicated with “star”. Molecular
weights are indicated on the left column.
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Fig. 5. Immunohistochemistry of COMP and ECM1 in the section of long bone from a 18.5-day-
old mouse embryo
A, B, C, Low-power microphotograph of a section stained with preimmuno serum (A), anti-
COMP (B) or anti-ECM1 (C) polyclonal antibody (brown) and counterstained with methyl
green (blue). D, E, F, High-power microphotograph of sections in A, B, C. S, resting
chondrocytes; P, proliferating chondrocytes; H, hypertrophic chondrocytes; M, bone
metaphysis.arrow indicates the signal.
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Fig. 6. EGF domain of COMP disturbs the interaction between ECM1 and COMP
A, B, Characterization of anti-COMP monoclonal antibodies using Western blotting assay.
Bacteria extracts bearing GST, GST-EGF or GST-type III, as well as the recombinant COMP
or COMP conditioned medium, were subjected to 10% SDS-PAGE and detected with either
2114B3-EGF (A) or 2130E2–type III (B) monoclonal antibody. C, D, Co-IP assay. Cell extracts
prepared from 293 cells cotransfected with ECM1 and COMP expression plasmids
supplemented with recombinant EGF domain of COMP were incubated with anti-ECM1 (lane
1), 2114B3-EGF that recognized EGF domain of COMP (lane 2), 2130E2–type III that bound
to the type III domain of COMP (lane 3), or control HA probe (serving as a control IgG (lane
4), followed by protein A-agarose. The immunoprecipitated protein complexes were examined
by immunoblotting with anti-ECM1 (Rb469) (C) and anti-COMP (D) antibodies.
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Fig. 7. COMP overcomes ECM1-mediated inhibition of endochondral bone growth
Metatarsals were explanted from fetal mice and cultured in the presence of stimuli in 6-tuple.
After 6 days, the explants were fixed and processed for either Alizarin red/Alcian blue staining
or histochemical analysis for Safranin O staining as described in “Experimental Procedures.”
A, Representative photograph (a–e) and Safraninin O staining (f–j) of an explanted metatarsal
after 6 days of culture in the presence of vehicle (a, f), 250 ng/mL ECM1a (b, g), 250 ng/mL
COMP (c, h), 250 ng/mL ECM1a plus 250 ng/mL COMP in the absence (d, i), or presence of
250 ng/mL purified EGF domain of COMP (e, j). Straight line represents the total length (T)
and the broken line indicates the zone of mineralized cartilage (M). B, Percentage increase in
T (top) and M (bottom) length of metatarsal bones after 6 cultures for 6 days. (Percentage of
increase = [length at day 6 − length at day 0] / length at day 0). *Significantly different from
control (p < .05).
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