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Abstract
Cartilage plays an essential role during skeletal development within the growth plate and in
articular joint function. Interactions between the collagen fibrils and other extracellular matrix
molecules maintain structural integrity of cartilage, orchestrate complex dynamic events during
embryonic development, and help to regulate fibrillogenesis. To increase our understanding of
these events, affinity chromatography and liquid chromatography/tandem mass spectrometry were
used to identify proteins that interact with the collagen fibril surface via the amino terminal
domain of collagen alpha 1(XI) a protein domain that is displayed at the surface of heterotypic
collagen fibrils of cartilage. Proteins extracted from fetal bovine cartilage using homogenization in
high ionic strength buffer were selected based on affinity for the amino terminal noncollagenous
domain of collagen alpha 1(XI). Mass spectrometry was used to determine the amino acid
sequence of tryptic fragments for protein identification. Extracellular matrix molecules and
cellular proteins that were identified as interacting with the amino terminal domain of collagen
alpha 1(XI) directly or indirectly, included proteoglycans, collagens, and matricellular molecules,
some of which also play a role in fibrillogenesis, while others are known to function in the
maintenance of tissue integrity. Characterization of these molecular interactions will provide a
more thorough understanding of how the extracellular matrix molecules of cartilage interact and
what role collagen XI plays in the process of fibrillogenesis and maintenance of tissue integrity.
Such information will aid tissue engineering and cartilage regeneration efforts to treat cartilage
tissue damage and degeneration.
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Introduction
Microarray and proteomic studies of chondrocytes and cartilage have revealed greater than
2,400 gene products of which approximately ten percent are extracellular [1]. Cartilage
tissue comprises chondrocytes surrounded by an extensive extracellular matrix (ECM) [2].
Composed primarily of water, the ECM also contains proteoglycans and collagens [3,4]. The
physical entanglement and interactions between proteoglycan and collagen components
contribute to the structural integrity of the cartilage matrix. Proteoglycans and
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glycosaminoglycans create a porous structure that provides compressive strength, while
collagens form a framework for the ECM and cells and also provide tensile strength to the
tissue. The collagenous framework of cartilage is formed by heterotypic fibril of collagen II
crosslinked to collagen IX and collagen XI. Collagen XI, a heterotrimeric molecule of
α1(XI), α2(XI) and α3(XI), is an essential, yet quantitatively minor component of the
cartilage collagen fibrils [5]. The significance of collagen α1(XI) is demonstrated by cases
of Fibrochondrogenesis, Stickler, and Marshall syndromes which are all attributed to
mutations in the COL11A1 gene encoding the α1(XI) chain [6,7,8], and evidenced by the
chondrodysplasia mouse (cho/cho) which carries a frameshift mutation resulting in a null
allele of Col11a1 and neonatal lethality in homozygotes [9].

In exploring the relationship that collagen type XI may have with other components of the
extracellular matrix, the amino terminal domain (NTD) of the α1(XI) chain is of specific
interest. The NTD of collagen type α1(XI) is located at the surface of fibrils (Figure 1), is
significantly larger than those of the major fibrillar collagens (types I, II and III) and is
structurally related to α2(XI), α1(V) and α3(V) [10–17]. The NTDs share amino acid
sequence homology (Table 1) and secondary structure with collagen α1(IX) NC3 domain,
neurexin, sex hormone binding globulin, and thrombospondins as illustrated in Table 2 and
Figure 2 [18–23]. ECM molecules with this domain have the potential to function as bridges
between other ECM molecules, providing organization and stability [24–26]. The globular
nature of collagen α1(XI) NTD leads to the restricted localization on the surface of collagen
fibrils even though the triple helical domain of type XI collagen lies in the interior of the
fibril [27–30]. The retained NTD may sterically hinder the further addition of collagen
molecules and thereby limit the ultimate diameter of the collagen fibril [31–33].
Additionally, as the NTD of collagen α1(XI) is located on the exterior of the fibril, its
association with other matrix components is plausible.

While determining which components of the cartilage matrix associate with the NTD of
collagen α1(XI) sets the stage for a number of interesting research questions, the premise
that extracellular matrix components associate with the noncollagenous domain of collagens
has been demonstrated for other collagens. There are a number of examples in the literature
that illustrate FACIT collagens interacting with other extracellular matrix components. The
NC4 region of the FACIT collagen α1(IX) is, like the NTD of collagen α1(XI), a globular
domain that extends away from the surface of the fibril. Also, like collagen α1(XI), it is
suggested that the NC4 domain serves as a potential dock between fibrils of the extracellular
matrix [34]. Investigations of collagen α1(IX) demonstrate an association with collagen type
II, its binding of matrilin-3 in a zinc-dependent manner, and binding of COMP in a manner
inhibited by either calcium or zinc. In addition, both the NTD of collagen α1(XI)and the
NC4 domain of collagen α1(IX) bind heparin [34–37]. The globular NTD domain of
collagen α1(XI) adopts a thirteen anti-parallel beta sheet configuration similar to the NC4
domain of collagen α1(IX) and members of the LNS and thrombospondin family (Figure
2A). A glycosaminoglycan binding motif is present within beta strand 11 (Figure 2B).
Interaction through this binding site may allow association with ECM constituents
possessing glycosaminoglycan or those which would allow electrostatic interaction [20–22,
38]. Binding potential is not limited to the glycosaminoglycan binding site, and other as yet
unidentified binding sites may exist on the NTD. Collagens XII and XIV are composed of
three identical α1 chains, each with a large globular amino domain, NC3 which is
homologous to NC4 of collagen α1(IX). The NC3 domains are thought to coordinate the
interactions of tissues with banded collagen fibrils [37]. Collagen XII and the tenascin
family of proteins, are both known to associate with collagen type I containing-fibrils as
well as interacting with decorin [39–43]. More recently, it has been reported that tenascin-X
interacts with the NC3 domain of collagen XII, demonstrating another physical link between
the noncollagenous domains of collagens and other ECM constituents [43].
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This study was carried out to identify molecular interactions between the collagen fibril and
the other ECM components that are mediated by the NTD of collagen α1(XI) in cartilage.
Candidates for interaction include collagenous proteins, proteoglycans and noncollagenous,
nonproteoglycan matricellular protein components and peripherally associated membrane
proteins [44]. Proteins extracted from cartilage under dissociating conditions were incubated
with recombinant α1(XI) NTD under physiologically associative conditions. Associating
constituents of the matrix were separated electrophoretically and identified by mass
spectrometry. The globular NTD of collagen α1(XI), was found to associate with several
components of the ECM including collagens type II, IX, XI, XII and XIV, the proteoglycans
perlecan, fibromodulin, epiphycan, and biglycan, the thrombospondins 1 and 5 (cartilage
oligomeric matrix protein), chondroadherin, and the matrilins 1 and 3, suggesting
organizational, structural, and interactive roles of the NTD of α1(XI) in addition to its role
in the restrictive growth of collagen fibrils by steric hindrance. Equally informative are those
proteins found not to preferentially associate with the NTD of collagen α1(XI).

2. Materials and methods
2.1. Cloning, expression and purification of collagen α1(XI) NTD

The cDNA fragment encoding the NTD of type α1(XI) collagen was inserted into the
expression vector pET11a (Stratagene), as previously described [32, 45, 46]. Briefly,
recombinant collagen α1(XI) NTD was expressed in E. coli BL21 (DE3) cells (Novagen,
Madison, WI), in a 100 L fermentator (Biostat 100D, Sartorius BBI, Bethlehem, PA)
induced with 0.4mM IPTG at OD600 of 0.5–1.0. Cells were harvested with a continuous
flow centrifuge (Sharples AS-14, Alfa Laval, Richmond, VA) five hours post-induction.
Recombinant protein was extracted, isolated, purified and analyzed for primary and
secondary structural composition as previously described [47].

2.2 Tissue preparation and extraction
Cartilage was obtained from the femoral head and condyles of an early third trimester (20–
24 inches from crown to rump) fetal calf (Gem Meat, Boise, ID). Perichondrium and
adhering tissues were removed. Approximately 4 grams of cartilage (wet weight) was
harvested, minced and homogenized using a Polytron homogenizer (KINEMATICA
Polytron, Brinkman Instruments, Westbury, NY). Cartilage proteins were extracted in
buffered low salt solution (0.1 M NaCl) followed by buffered high salt solution (1 M NaCl),
in 0.05 M Tris-HCl, pH 7.0, containing 0.01 M EDTA, and protease inhibitors 4-(2-
aminoethyl) benzenesulfonyl fluoride (AEBSF), pepstatinA, E-64, bestatin, leupeptin, and
aprotinin. After an overnight extraction at 4°C with stirring, samples were centrifuged at
100,000 × g, at 4°C for 1 h using the TLA 110 rotor for the TL100 ultracentrifuge (Beckman
Coulter, Brea, CA) to pellet insoluble material. The soluble proteins, extracted in the 1 M
NaCl, 0.05 M Tris-HCl pH 7.5 were used for batch affinity chromatography after buffer
exchange to adjust the NaCl concentration by ultrafiltration.

2.3 Affinity chromatography
Proteins extracted from cartilage were separated based on their ability to associate with the
NTD of α1(XI) collagen. Briefly, 5 mg of recombinant collagen α1(XI) NTD, was
immobilized on 1 mL Ni2+NTA Sepharose resin (Qiagen, Valencia, CA). Protein extracted
from cartilage was applied to resin in batch at 4 °C for 16 h. Proteins that did not bind to the
resin were collected as flow-through. After an initial wash equivalent to 4 × 10 resin
volumes of 0.05 M Tris-HCl, pH 7.5, containing 0.14 M NaCl, bound proteins were eluted
from the resin, by increasing NaCl concentration to 0.5 M. The eluate was evaluated under
reducing conditions by SDS-PAGE stained with Bio-Safe Coomassie brilliant blue G250
dye (Bio-Rad, Hercules, CA). After evaluation, eluate was concentrated 10-fold using
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Centricon filters (Millipore, Billerica, MA) with a molecular mass cutoff of 10 kDa. Proteins
were separated by SDS-PAGE for further analysis. As a control, extracted protein mix was
applied to non-derivatized resin that was not carrying the recombinant α1(XI) NTD to
assess nonspecific interaction.

2.4 Trypsin digestion and mass spectrometry
Prominent bands or regions of interest within the gel were manually excised, transferred to
microcentrifuge tubes for two 30 minute destaining washes of 50% acetonitrile and 50mM
ammonium bicarbonate, then dried in a vacuum concentrator (Eppendorf 5301). Digestion
of proteins was performed by Trypsin Profile in-Gel Digestion (Sigma, Saint Louis,
Missouri) with the addition of reduction and alkylation steps. Briefly, proteins were reduced
with 10mM dithiothreitol/100mM ammonium bicarbonate for 45 minutes at 56°C and
alkylated with 55mM iodoacetamide/100mM ammonium bicarbonate for 30 minutes in the
dark. Following the tryptic digestion, proteins were dried and suspended in 5% formic acid
to a final volume of 15µl.

Following acidification with formic acid, the released peptides were analyzed by mass
spectrometry (LCQ Deca XP Plus, Thermo Fisher Scientific, Inc. Walthom, MA) with the
Proteome X 1.0 operating system (Thermo Fisher Scientific, Inc. Walthom, MA). The
digested peptides were loaded onto a BioBasic-18 reverse phase column (Thermo Hypersil-
Keystone, Bellafonte, PA) and eluted using a linear gradient of 5–60% acetonitrile in 0.1%
(v/v) HCOOH over 110 minutes followed by a two minute elution with 60–80% acetonitrile
in 0.1% (v/v) HCOOH and injected into the mass spectrometer. The resulting mass spectral
data were collected and analyzed for amino acid sequence identification.

2.5 Protein sequence database searches and analysis
The raw data (.dta) files obtained from the mass spectrometric analysis and search result
files (.srf) with specified search parameters were transferred to the Boise State Beowulf
Cluster and submitted for search utilizing Bioworks™ 3.1 software within the
TurboSEQUEST operating system. Searches were performed against NCBI (http://
www.ncbi.nlm.nih.gov) nonredundant database. To minimize the number of low-scoring
peptides that can give rise to false positives, all the identified peptide data were subjected to
the Sequest single threshold filter of Xcorr versus charge. In brief, only peptides determined
to have greater than 1.5 Xcorr for a charge state of 1+; greater than 2.0 Xcorr for a charge
state of 2+; or greater than 2.5 Xcorr for a charge state of 3+, were considered for identity of a
protein. Further, protein identifications were reported only if they were reproducible and
found to have four or more unique peptides unless otherwise noted. The following cartilage
proteins were not analyzed in our study: asporin, lubrican, lumican, versican, brevican,
thrombospondin 3, CILP, cartilage derived C-type lectin, fibronectin, PRELP, osteoaderin,
fibrillin, elastin, glycoprotein 39/YKL-40, matrix Gla protein, pleiotropin, chondromodulin I
and II, and CD-RAP. Growth factors and cytokines which we would anticipate to be present
in cartilage in low abundance were not analyzed in this study with the exception of pro-
inhibin, a precursor to a member of the TGF-β superfamily, also known as semenogelin I.
Trypsin autolytic fragments were removed from the data set, as were peptides corresponding
to keratins, hemoglobin and histone proteins. False discovery rates were determined using
decoy searches. Amino acid sequence obtained from peptide fragmentation was used to
manually confirm protein identification against Swiss-Prot/TrEMBL and Entrez Protein.

2.6 STRING Query of protein interaction network
Interactions identified experimentally were evaluated with the online Search Tool for the
Retrieval of Interacting Genes/Proteins (STRING) to predict both direct and indirect
interactions [48]. STRING integrates protein-protein association from available sources that
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include gene fusion, co-occurrence, experimental, database, homology and text mining data
[49–56]. The combined confidence score is indicative of the probability that a pair of
proteins interact. A score of 0.150 represents low confidence; 0.400 represents medium
confidence; 0.700 represents high confidence; and 0.900 and higher represents the highest
confidence. For the purpose of our evaluation, only associations with a score of 0.400 or
higher were reported. Scores were computed as the joint probability of the probabilities from
the different evidences correcting for the probability of randomly observing an interaction
[57].

2.7. Surface Plasmon Resonance
SPR measurements were performed at 20°C using a Reichert SR7000 instrument. The NTD
of α1(XI) collagen was immobilized to a carboxyl mixed self-assembled monolayer surface
on gold sensor chip by primary amine coupling. Briefly, the chip surface was activated with
a 0.4 mM N-ethyl-N-(3-diethylaminopropyl) carbodiimide, 0.1 mM N-hydroxysuccinimide
solution followed by the injection of NTD of α1(XI) collagen at a concentration of 20 µg/
mL in 10 mM sodium acetate buffer (pH 4.5). Unreacted N-hydroxysuccinimide ester
groups were blocked with 1 M ethanolamine hydrochloride. Thrombospondin 1 (R&D
Systems) solution was prepared in running buffer (phosphate buffered saline with 0.05%
Tween-20), which was filtered through a 0.2 µm filter prior to use. To collect equilibrium
binding data, a concentration range from 15 to 500 nM was used as analyte and pumped
over the NTD ligand at a flow rate of 10 µL/min. After 100 sec, the analyte solutions were
replaced with running buffer for 200 sec. The surfaces were regenerated with a 100-sec
injection of running buffer containing 1 M NaCl at a flow rate of 10 µL/min. The
association, dissociation, and regeneration phases were followed in real-time by monitoring
changes in signal expressed in resonance units and the data displayed as response units
versus time. An average of the response at equilibrium was determined for each analyte
concentration and the resulting equilibrium resonance units were plotted against
concentration. Data were fit to a steady-state affinity model with GraphPad Prism
(GraphPad Software) using a one-site association model.

2.8. Immunofluorescence
A polyclonal antibody to the rat α1(XI) collagen α1(XI) has been previously described [9].
A monoclonal antibody to TSP1 was obtained (Calbiochem, EMD Chemicals, USA). To
allow the observation of colocalization within newly synthesized pericellular matrix, cells
from the Swarm rat chondrosarcoma [45] were plated at 3.5 × 104 cells/cm2 onto poly-d-
lysine/laminin-coated chamber slides (BD Biosciences) and incubated in DMEM
supplemented with 10% fetal bovine serum, 50 µg/ml ascorbate 2-phosphate, 50 units/ml
penicillin, and 50 µg/ml streptomycin. Accumulated pericellular matrix was analyzed 48 h
after plating by indirect immunofluorescence. Cells were fixed on chamber slides in −20 °C
methanol for 5 min. The slides were rinsed in 50 mM Tris-buffered saline (TBS) and then
permeabilized in TBS-0.5% Triton X-100 (TX) for 10 min. The slides were washed three
times for 5 min in TBS-0.1% TX, followed by blocking in TBS-0.1% TX, 2% bovine serum
albumin for 10 min. After incubation with the primary antibody, cells were washed five
times for 5 min in TBS-0.1% TX. Secondary antibody, rhodamine (TRITC)-conjugated
AffiniPure donkey anti-rabbit IgG or fluorescein isothiocyanate-conjugated anti-mouse IgG
(Jackson ImmunoResearch Laboratories, Inc., West Grove, PA), diluted 1:100 in TBST, was
applied to slides and incubated for 1 h in a humidified chamber at 37 °C. The slides were
then washed three times for 5 min in TBS-0.1% TX and incubated in 3.0 µg/ml of DAPI for
10 min (Molecular Probes, Eugene, OR). The slides were washed three times 5 min in
TBS-0.1% TX, rinsed in TBS, drained, mounted with Vectashield (Vector Laboratories,
Burlingame, CA), and sealed. For microscopic observation and photomicrography of the
fluorescently labeled cells, an Olympus BX60 fluorescence microscope equipped with a
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PM-10AD system was used. The fluorescent molecules were excited with a 100-watt
mercury lamp. TRITC- or fluorescein isothiocyanate labeled molecules were detected with a
filter set having 510–560 nm wavelength bandpass, 565 nm dichroic beam splitter, and
575-645-nm emission filters.

3. Results
3.1 Expression, extraction and purification of α1(XI) NTD

Recombinant protein was expressed, extracted and purified as previously reported for
recombinant collagen α1(XI) NTD [32,45, 46]. Purity was assessed by SDS–PAGE and
shown to be a homogeneous, single band migrating with an apparent molecular weight of
approximately 40 kDa (Figure 3A). The NTD of collagen α1(XI) is a globular domain rich
in beta sheet that extends from the surface of collagen fibrils (Figures 1 and 2). It is similar
in structure to the collagen type IX NC4 domain, the LNS domain of neurexin 1 alpha, the
amino terminal domain of sex hormone binding globulin, and the heparin binding domain of
thrombospondin 1. Combinatorial amino acid sequence with secondary structure alignment
and structural depiction of α1(XI) NTD homology models aligned with these four potential
templates showing low RMSD values (0.785 Å to 8.674 Å) and E values (5.0 × 10−10 to 1.5)
are included in Tables 1 and 2 and Figure 2 [18–23, 58]. These data demonstrate sequence
and structural homology between the COL9A1 NC4 and COL11A1 NTD.

3.2 Cartilage protein extraction and protein identification
Cartilage tissue was harvested from the articular joints and growth plates of a fetal bovine
and homogenized in 0.05 M Tris-HCl, pH 7.5, containing 1 M NaCl and protease inhibitors.
Proteins from the homogenate were separated by SDS-PAGE and stained with Coomassie
brilliant blue in order to define the set of cartilage proteins that were readily identifiable
under these experimental conditions (Figure 3). Distinct bands or regions of the gel (lane 4
of Figure 3A) were excised and proteins contained within the gel were digested with trypsin
and analyzed by mass spectrometry. Cartilage proteins identified with confidence from the
total extract are listed in Table 3. These proteins represent prevalent proteins of the cartilage
extracellular matrix and a subset of cellular proteins [59–68].

3.3 Cartilage proteins selected by association with α1(XI) NTD
Extracted proteins were applied to the α1(XI) NTD-affinity resin under conditions of
moderate ionic strength as described in Materials and Methods. Under these conditions, we
anticipated that protein interactions would take place. Proteins interacting with the α1(XI)
NTD resin were retained while non-interacting proteins did not bind. Proteins were eluted
by increasing the ionic strength of the buffer and the protein was concentrated prior to SDS-
PAGE analysis. A unique banding pattern was observed in the eluate compared to total
extract (compare lane 4 of Figure 3A to lane 2 of Figure 3B). For comparison, extracted
proteins were applied to the affinity resin without the α1(XI) NTD derivatization (lane 3 of
Figure 3A).

3.4 Identification of proteins associated with α1(XI) NTD
Bands of interest were excised, digested with trypsin and analyzed by mass spectrometry.
Data were collected and subjected to a search against the complete non-redundant database
acquired from the National Center for Biotechnology Information (NCBI). After the
imposition of filters and sorting, fifteen extracellular matrix proteins were found to associate
with the NTD of collagen α1(XI) either directly or indirectly (Figure 3C and Table 4).
Collagens found to associate included the fibrillar collagens type II and type XI, and FACIT
collagens types XIV, XII, and IX. Proteoglycan association was observed with the small
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leucine-rich repeat proteoglycans, biglycan, epiphycan, fibromodulin, and heparan sulfate
proteoglycan 2/perlecan. Several noncollagenous nonproteoglycan components were
identified: chondroadherin, thrombospondin-5 (COMP), thrombospondin-1,
matrilin-1(CMP), and matrilin-3. Interestingly, the chondrocalcin, which is the carboxyl
propeptide of collagen α1(II) and the thrombospondin-1 N-terminal domain which is
proteolytically removed from the parent molecule, were both identified as interacting with
the NTD of collagen α1(XI) (Table 4).

Additional proteins, shown in Table 5, were identified including several of the enzymes
known to play a role in collagen biosynthesis or cartilage remodeling; procollagen lysine 2-
oxoglutarate, 5-dioxygenase 1 and 2 (PLOD1 and PLOD2), protein disulfide isomerases
(PDIs), and procollagen prolyl 4-hydroxylase (P4HB). PLOD and P4HB enzymes have
hydroxylase activity required to hydroxylate lysine and proline residues of the procollagen,
respectively and PDI activity is necessary and responsible for the formation of disulfide
bonds critical to the nascent conformation of the collagen; post-translational modifications
necessary in order for collagens to correctly form into a stable triple helix. PLOD1, PDIA3
and PDIA4 were found to associate with the collagen α1(XI) NTD, perhaps reflecting their
role during intracellular collagen biosynthesis.

Other proteins identified have a number of different roles; calcium binding, protein fate,
metabolic enzymes and cytoskeletal related proteins (Table 5). Specific proteins include the
annexins, endoplasmin, calreticulin, heat shock proteins, serotransferrin, actin, actinin-α4,
fructose bisphophatealdolase, and lactate dehydrogenase A.

Extracellular matrix proteins found not to interact with collagen α1(XI) NTD include
aggrecan, decorin, tenascin, vitrin, nidogen 2, and collagen α2(VI).

3.5 Protein Network of Interactions with α1(XI) NTD
STRING was used to predict interactions and results were compared with those identified by
our affinity chromatography-mass spectrometry approach. Our results support the predicted
physical interactions by STRING with collagen type II, chondroadherin, thrombospondin 1,
matrilin 1, matrilin 3, and thrombospondin 5/COMP as shown in Figure 4,where confidence
is shown by the number of lines connecting the protein nodes of the network to each other
and the color in the grid shown in Figure 4B. Direct interaction may take place between
ANXA5 and Col11a1 NTD. Alternatively, ANXA5-Col11a1 interaction may also be
mediated by Col2a1 as predicted by STRING (Figure 4). Direct interactions mediated by the
triple helical domain take place with the other collagens of the heterotypic collagen fibril
including Col9a1, Col9a2, Col9a3, and Col11a2.

Direct and indirect interactions predicted by STRING are depicted in Figure 5, in which the
degree of confidence for each of the predicted interactions is indicated by thickness of the
line connecting the nodes, representing proteins. Interactions with other extracellular matrix
proteins were observed as well as interactions with cell surface proteins including CALR,
NCL, and ANXA5, which may either be direct interactions or alternatively indirect,
mediated by another ECM protein, perhaps thrombospondin 1, as indicated by the results of
STRING prediction (Figure 5).

3.6. Confirmation of molecular interaction by SPR and co-localization by Immuno-
fluorescence

To confirm interactions for one of the proteins detected using our affinity chromatography
and mass spectrometry approach, we carried out binding analysis using surface plasmon
resonance (SPR) (Figure 6). Thrombospondin 1 was found to interact with the NTD of
α1(XI) with a dissociation constant of 100 nM. Colocalization within newly synthesized
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ECM of rat chondrosarcoma cells was demonstrated by indirect immunofluorescence
(Figure 7).

4. Discussion
The NTD of collagen α1(XI) is located on the surface of collagen fibrils and may therefore
interact with other components of the ECM. This study utilized affinity chromatography and
mass spectrometry to identify proteins that can interact with the NTD of α1(XI) collagen.
The triple helical domain of the α1(XI) collagen is embedded in the interior of the fibril and
the NTD of collagen α1(XI) is exposed on the surface. Based on these observations, we
propose that the NTD of collagen α1(XI) may interact with components of the cartilage
matrix to carry out the function of regulation of fibrillogenesis in concert with other ECM
molecules. Additional information regarding the interactions between the proteoglycan,
collagen, and noncollagenous components may explain the loss of regulated fibrillogenesis,
lack of cellular organization within the growth plate, and tissue integrity observed in the
absence of collagen α1(XI) in Fibrochondrogenesis, Stickler and Marshall syndrome, and in
the cho/cho mouse.

Biglycan, the most prevalent of the proteoglycans detected in the proteins associating with
collagen α1(XI) NTD, was identified within the relative molecular weight range from
70kDa to greater than 250kDa. This self-associating protein, consisting of a 38kDa core
protein and two attached glycosaminoglycan chains (dermatan sulfate in articular cartilage)
of 22kDa each, has been found to exist in both monomer-dimer equilibrium and in an
associated state as a hexamer [69, 70]. Biglycan is known to provide mechanical stability
through its interaction with collagen and other matrix components and for its role in cell
activity regulation through binding to growth factors [71]. Matrilin-1, an ECM structural
protein found to associate with α1(XI) NTD in this study, is a homotrimeric protein found
specifically in the matrix surrounding chondrocytes [72–74]. Demonstrated to associate with
collagen fibrils and interact with aggrecan, it has been further shown to play a role in normal
matrix organization and fibril formation [75–77]. At the exposed surface of the collagen II
fibril, the association of the NTD of collagen α1(XI) with biglycan and matrilin-1 could be
the means by which the complex adheres, providing a connection between the pericellular
environment and the ECM, and participating in the mechanism that drives normal ECM
assembly.

Chondroadherin (CHAD), a member of the leucine-rich repeat family is most thoroughly
described as a constituent of cartilage and tendon, and is also abundant in the territorial
matrix surrounding chondrocytes [78]. Both collagen type II fibrils and CHAD bind
chondrocytes by interacting with integrin α2β1. Additionally, CHAD binds to two sites on
collagen type II and may be a mediator of complex formation of ECM molecules between
the cell surface and the surface of the collagen fibril [79]. The presence of the NTD of
collagen α1(XI) on the surface of the collagen type II fibrils may be the means by which
CHAD interacts with collagen type II/IX/XI fibrils, and through this interaction may play a
role in regulating fibrillogenesis.

The thrombospondin family is made up of large multimeric proteins known to be involved
in interactions between cells and between the cells and matrix constituents. It has been
previously shown that thrombospondin 1 interacts by direct binding with collagen type V
[80, 81]. Collagens α1(V) and α1(XI) are homologous, sharing structural and functional
characteristics. It is probable that the role that thrombospondin 1 plays in association with
the NTD of collagen α1(XI) parallels that found in collagen α1(V) [82, 83]. While the
properdin domain of thrombospondin 1 has been reported to bind the triple helix of collagen,
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a different domain of thrombospondin 1 may interact with the NTD α1(XI) as shown in this
study.

Another member of the thrombospondin family, thrombospondin-5/COMP, capable of
binding to the surface of chondrocytes through the interaction with an integrin receptor [84]
is a pentameric protein made up of five identical subunits that also bind collagens. Shown to
interact with collagen type IX, it has been proposed that COMP functions as a bridge
between the fibrils and the ECM [85–87]. COMP was found in our investigation to associate
with the NTD of collagen α1(XI) and may function as a stabilizing component in the
mechanism by which the cell interacts with the ECM. It has also been shown that the
expression of COMP determines whether both matrilin-3 and collagen IX are secreted and
reflects the important roles that COMP, collagen IX and matrilin-3 play in the assembly of
the ECM [88]. The NTD of collagen α1(XI) associated with all three components in this
study and may contribute to the organization necessary for proper matrix assembly.

Annexin family members bind acidic phospholipids in a calcium dependent manner; due to
their calcium-binding carboxyl termini, and specific functions within the annexin family are
conferred to individual annexins by their amino termini [89]. Annexin 2, 5, and 6 are
commonly associated with matrix vesicles and are critical in the initiation of the
mineralization process in cartilage [90]. Annexin 5, which binds directly to collagen type II,
collagen type X and the cleaved C-propeptide of collagen type II, (chondrocalcin), is
suggested to provide an anchor between the matrix vesicle and its surrounding matrix and
activate annexin 5 ion channel properties [91, 92]. In the cartilage matrix, chondrocalcin,
which is also a calcium binding protein, is localized where mineralization occurs [93]. The
demonstrated relationship that annexin 5, collagen type II and chondrocalcin have in linking
matrix vesicles with the ECM during the initiation of mineralization leads us to suggest that
the NTD of collagen α1(XI), in association with these components, may play a role in
mineralization. This idea is further supported by the finding that collagen α1(XI) is
localized adjacent to the location of perichondrial bone formation in a developing long bone
[94] and our recently published finding that antisense morpholino oligonucleotides targeting
the Col11a1 mRNA accelerates mineralization of osteoblast cultures [95]. Further, isolation
of bone mineralization foci have identified collagen α1(XI) as a protein component of the
newly mineralized bone ECM (unpublished data) and the cho/cho mouse which does not
synthesize collagen α1(XI) has an increase in bone mineralization density (unpublished
data).

Nucleolin was initially characterized as a multifunctional nuclear protein capable of
shuttling between the nucleus and the cytoplasm [96,97]. Although not previously identified
as part of the cartilage proteome, it has been demonstrated that collagen increased the
localization of nucleolin to the nucleolus in fibroblasts [98]. More recently, nucleolin has
been reported as a receptor located at the cell surface whose activity, associated with the
actin cytoskeleton, has been linked to the internalization of components by endocytosis, and
subsequent transport to the nucleus [99–103]. Further, the autolytic activity of nucleolin
produces cleavage products that post-transcriptionally control the expression of at least one
matrix metalloproteinase, MMP-9, known to be involved in the normal and
pathophysiological degradation of the ECM. Nucleolin is a complex and multifaceted
protein of special interest because expression is not only regulated by influence of the ECM
components, but it may also be able to relay developmentally relevant signals between the
ECM of cartilage and the nucleus of the chondrocytes.

While our study is focused on those proteins that interact, it is equally instructive to note
those proteins which did not interact under conditions used in our experiment. The following
proteins were identified by mass spectrometry in our study as not associating strongly with
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the NTD of α1(XI) collagen: collagen type I α1 chain (5 unique peptides), aggrecan (6
unique peptides), cartilage link protein (6 unique peptides), tenascin C (15 unique peptides),
pro-inhibin/semenogelin-I (12 unique peptides), serpin 1/collagen binding protein (8 unique
peptides), PDIA1 (16 unique peptides), PLOD2 (5 unique peptides), pyruvate kinase
isozymeM2 (18 unique peptides), and phosphoglycerate kinase (10 unique peptides).
Collagen type I, aggrecan, cartilage link protein, tenascin C, serpin 1, and pro-inhibin are
located in the ECM while PDIA1 and PLOD2 are cellular proteins involved in collagen
biosynthesis.

Concluding remarks
The implications of understanding the manner in which the components of cartilage develop
and interact are far-reaching. As the majority of bone formation begins from a cartilaginous
template, successful skeletal development is dependent on its structural and molecular
integrity. A number of the identified proteins found to associate with the NTD of collagen
α1(XI) in our study are found themselves to be candidates for the cause of a number of
osteochondrodysplasias (Table 6). Continuing this work by our laboratory and others [104,
105] will provide additional information about the composition of cartilage ECM and how
the ECM changes during chondrogenic differentiation. It may be that specific interactions
between the NTD of collagen α1(XI) and these identified proteins, either directly or
indirectly, contribute to skeletal development and understanding their association will
perhaps further explain the molecular events that underlying the range of pathological
skeletal phenotypes. Further investigation of the identified proteins will allow us to
determine with which proteins the NTD of collagen α1(XI) directly interacts and what
region(s) of the NTD they adhere to specifically. Examining the associations of these
identified proteins in an isoform specific manner may lead to understanding how collagen
α1(XI) aids in development of specific tissues. As the majority of the type α1(XI) collagen
is embedded in the interior of the fibril with the exception of the NTD at the surface, the
variable region may also interact with the matrix constituents and may do so differentially.
The variable region specific to each isoform may serve as tissue specific binding domain
that would allow for the possibility that collagen α1(XI) functions in regulating the
formation of fibrils in a developmentally and tissue specific manner. In addition to studies of
congenital skeletal defects and the onset of arthritis, results from this study may also impact
the design of novel biomaterials and aid in therapeutic approaches to favor cartilage repair
and regeneration.
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Abbreviations

ECM Extracellular matrix

NTD Amino terminal domain

FACIT Fibril associated collagens with interrupted triple helices

NC3 Noncollagenous domain 3

NC4 Noncollagenous domain 4
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Thrombospondin-5, COMP Cartilage oligomeric matrix protein

MMP9 Matrix metalloproteinase 9

ANP32B Acidic nuclear phosphoprotein 32 family member B

ACTB Actin, beta

ACTN4 Alpha actinin 4

ANXA1, ANX1 Annexin I

ANXA2, ANX2 Annexin II

ANXA5, ANX5 Annexin V

BGN Biglycan

GRP60, CALR Calreticulin

Matrilin-1, MATN1, CMP Cartilage matrix protein

CHAD Chondroadherin

Chondrocalcin, CPPCII Carboxyl propeptide of type II collagen

COL1A1 Collagen type I alpha 1 chain

COL2A1 Collagen type II alpha 1 chain

COL6A2 Collagen type VI alpha 2 chain

COL9A1 Collagen type IX alpha 1 chain

COL11A1 Collagen type XI alpha 1 chain

COL11A2 Collagen type XI alpha 2

COL12A1 Collagen type XII alpha 1 chain

COL14A1 Collagen type XIV alpha 1 chain

DCN Decorin

EPYC Epiphycan

FMOD Fibromodulin

ALDOA Fructose bisphosphatealdolase

HSPA5, GRP78 Glucose-regulated protein 78 (Heat shock protein 5 70
kDa

HAPLN1 Hyaluronan and proteoglycan link protein 1

HSP90B1 Heat shock protein 90B1

HSPG2. PLC Heparan sulfate proteoglycan 2/perlecan

LDA Lactate dehydrogenase A

MATN3 Matrilin 3

NCL, NUCL Nucleolin

PLOD1 Procollagen-lysine 1,2-oxoglutarate 5-dioxygenase 1

PLOD2 Procollagen-lysine 2-oxoglutarate 5-dioxygenase 2

P4HB Prolyl 4 hydroxylase
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PARP Proline arginine rich protein

PDIA3 Protein disulfide isomerase family A, member 3

PDIA4 Protein disulfide isomerase family A, member 4

PDIA5 Protein disulfide isomerase family A, member 5

TSP1, THBS1 Thrombospondin 1

THBS1N, TSPN Thrombospondin 1 amino terminal domain

TF Serotransferrin

EDTA ethylenediaminetetraacetic acid

AEBSF 4-(2-aminoethyl)benzenesulfonyl fluoride
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Figure 1.
Schematic diagram of collagen fibrils with collagen type XI (blue) located within the
interior of type II collagen fibrils (orange). The globular nature of collagen α1(XI) NTD
leads to the restricted localization on the surface of collagen fibrils even though the triple
helical domain of type XI collagen lies in the interior of the fibril. The retained NTD may
sterically hinder the further addition of collagen molecules and thereby limit the ultimate
diameter of the collagen fibril. Additionally, the NTD of collagen α1(XI) on the surface of
the fibril may interact with other matrix components.
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Figure 2.
(A) Structural depictions of NTD of α1(XI) homology models (grey) aligned with
respective templates [2UUR(blue), 21R6(green), 1LHN(red), and 1Z78(purple)]. (B) The
α1(XI) NTD homology model from 2UUR (left), model with putative binding site (center)
and zoom image of binding region (right).
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Figure 3.
SDS-PAGE of recombinant α1(XI) NTD, cartilage extract, and affinity selected proteins.
Proteins were separated by SDS-PAGE and stained with Coomassie Safe Blue. (A)
Molecular weight markers (lane 1), purified recombinant α1(XI) NTD protein (lane 2),
proteins bound to nonderivatized column resin indicating nonspecific binding (lane 3), and
total protein extract (lane 4). Bands or regions of the gel from lane 4 were manually excised,
trypsinized, and analyzed by mass spectrometry to determine identity. For each region of the
gel, the following proteins were identified: In the 240/230Mr range: biglycan, collagen
α1(XI), actin, aggrecan, perlecan, collagen α1(XII), decorin, collagen α1(I), epiphycan, and
collagen α1(XIV); in the 210Mr range: collagen α1(XIV), collagen α1(XII), biglycan, and
tenascin-C; in the 180Mr range:thrombospondin-1, biglycan, collagen α1(XIV), perlecan,
biglycan, collagen α1(XII), nidogen2,tenascin-C, collagen α1(I), collagen α1(XII), and
fibromodulin; in the 160Mr range: collagen α1(II), biglycan, thrombospondin-1,
fibromodulin, and collagen α1(I); in the 140Mr range: biglycan and COMP; in the 130Mr
range: COMP and thrombospondin-1; in the 120Mr range: COMP, collagen α1(IX),
biglycan, collagen α1(XIV), fibromodulin, thrombospondin-1, and matrilin-3; in the 100Mr
range: biglycan, actinin alpha-4,fibromodulin, collagen α1(IX), matrilin-3, collagen
α1(XIV), thrombospondin-1, collagen α1(II), nucleolin, pyruvate kinase, ovalbumin, and
elongation-factor 2; in the 75Mr range: fibromodulin, lysyl hydroxylase, biglycan, collagen
α1(II), thrombospondin-1, protein disulfide isomerase A4, and heat shock protein (GRP78);
in the 60Mr range: CMP, protein disulfide isomerase A4, heat shock protein (GRP78),
transferrin, semenogelin/inhibin, protein disulfide isomerase A1, actin, pyruvate kinase M2,
collagens, phosphoglycerate kinase, vitrin, calreticulin, chondrocalcin, protein disulfide
isomerase A5, and PARP; in the 48Mr range: actin, phosphoglycerate kinase, collagen-
binding protein, and vitrin; in the 45Mr range: collagen α1(XI) NTD, fructose bisphosphate
aldolase, CMP, and cartilage link protein; in the 40Mr range: chondroadherin,
chondrocalcin, CMP, fructose bisphosphate aldolase, cartilage link protein, actin, and
collagen α1(XI) NTD; in the 38Mr range: annexin A1, annexin A2, annexin A5,
chondrocalcin, chondroadherin, lactate dehydrogenase B, lactate dehydrogenase A, collagen
α1(XI) NTD, PARP, CMP, thrombosponin-1, fructose bisphosphate aldolase, and actin; in
the 35Mr range: chondrocalcin, chondroadherin, annexin A1, annexin A2, annexin A5,
CMP, thrombospondin-1, PARP, actin, lactate dehydrogenase A, and collagen α1(XI) NTD;
in the 32Mr range: chondrocalcin, chondroadherin, annexin A1, annexin A2, annexin A5,
thrombospondin-1, lactate dehydrogenase A, collagen α1(XI) NTD, and ANP32B; in the
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28Mr range: collagen α1(I), PARP, chondrocalcin, CMP, thrombospondin-1, and collagen
α1(XI) NTD, in the 25Mr range: PARP and CMP; in the 22Mr range: keratin; in the 20Mr
range: lectin, histone 2A, histone 2B, collagen α1(XI) NTD; and in the 18Mr range:
hemoglobin.
(B). Cartilage proteins that interact with the NTD of collagen α1(XI). SDS-PAGE stained
with Coomassie Safe Blue. Molecular weight markers (lane 1), proteins selected by affinity
chromatography (lane 2). Bands or regions of the gel indicated by letters a through p on the
right-hand side of gel were manually excised, trypsinized, and analyzed by mass
spectrometry. Proteins identified in the specific locations a through p were as follows: a)
(240Mr): biglycan; b) (180Mr) collagen α1(XIV), thrombospondin-1, perlecan, biglycan,
and collagen α1(XII); c) (160Mr)collagen α1(XII), biglycan, thrombospondin-1, and
fibromodulin; d) (130Mr) thrombospondin-1; e) (120Mr) COMP, collagen α1(IX), biglycan,
collagen α1(XIV), fibromodulin, thrombospondin-1, and matrilin-3; f) (100Mr) biglycan,
actinin alpha-4, fibromodulin, collagen α1(IX), PARP, matrilin-3, collagen
α1(XIV),thrombospondin-1, and collagen α1(XII) ; g) (90Mr) nucleolin and fibromodulin;
h) (75Mr) fibromodulin, lysyl hydroxylase 1, biglycan, collagen α1(XII),
thrombospondin-1, protein disulfide A4, transferrin, and heat shock protein 70; i) (60Mr)
CMP, protein disulfide A3, fibromodulin, chondrocalcin, PARP, and calreticulin; j) (45Mr)
CMP; k) (40Mr) CMP and 1,6 fructose bisphosphate aldolase; l) (38Mr) chondrocalcin,
annexin A2, annexin A1, annexin A5, CMP, PARP, thrombospondin-1, 1,6 fructose
bisphosphate and actin; m) (36Mr) chondrocalcin, annexin A5, annexin A1, annexin A2,
CMP. thrombospondin -1, PARP, and actin; n) (34Mr) chondrocalcin, acidic leucine-rich
nuclear phosphoprotein 32 family member B, annexin A1, annexin A2, annexin A5,
collagen α1(XI) NTD, chondroadherin, lactate dehydrogenase A, thrombospondin-1, PARP,
and CMP; o) (29Mr) PARP, chondrocalcin, CMP, thrombospondin-1, 1,6- fructose
bisphosphate aldolase, and actin; p) (27Mr): PARP, thrombospondin-1, and collagen α1(XI)
NTD.
(C) Grid depicting proteins identified as a function of location on gel. Apparent molecular
weight is indicated on the vertical axis and protein identity is indicated along the horizontal
axis.
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Figure 4.
Extracellular matrix network of predicted interactions. A subset of the identified proteins are
shown as a network of interacting proteins based upon this study and evidence from
previously published work. (A). Col2a1, CHAD, THBS1, MATN1, MATN3, and COMP
are shown within the STRING network seeded by Col11a1, where confidence is indicated
by the number of lines connecting the protein nodes of the network to each other and the
color in the grid shown in (B). The color of the line is indicative of the type of data
supporting the predicted interaction. Purple indicates that experimental or biochemical
evidence for an interaction exists in the literature, blue indicates co-occurrence evidence,
purple indicates experimental evidence, yellow indicates evidence from text-mining that
detected co-mentioned in PubMed abstract, light blue indicates the association in curated
database, grey indicates predicted interaction based on sequence/structural homology.
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Figure 5.
Extended network of predicted interactions. Interactions that include extracellular matrix,
membrane and cellular proteins are shown to include predicted primary and secondary
interactions. Each protein detected in the affinity experiment was analyzed using STRING
molecular interactions. Thickness of connecting lines indicates confidence level associated
with each interaction.
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Figure 6.
Interaction between thrombospondin 1 and the NTD of α1(XI) collagen was analyzed by
surface plasmon resonance. Collagen α1(XI) NTD was covalently coupled to the sensor
chip, while thrombospondin 1 at concentrations ranging from 15 to 500 nM was allowed to
bind to the Collagen α1(XI) NTD. The average of 3 runs to collect association data is
shown. Using the data shown to fit to a steady state affinity model, the dissociation constant
(Kd) was calculated to be 100nM for native thrombospondin 1, assuming a one-site
association model.
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Figure 7.
Colocalization of thrombospondin 1 and collagen type XI alpha 1 chain by
immunofluorescence. A polyclonal antibody to the rat α1(XI) collagen α1(XI) and a
monoclonal antibody to thrombospondin-1 were used to detect these ECM molecules within
newly synthesized pericellular matrix from a cell line derived from the Swarm rat
chondrosarcoma. Cells were plated at 3.5 × 104 cells/cm2 onto poly-d-lysine/laminin-coated
chamber slides and accumulated pericellular matrix was analyzed after 48 hours. Primary
antibodies were detected with secondary antibody, rhodamine (TRITC)-conjugated
AffiniPure donkey anti-rabbit IgG or fluorescein isothiocyanate-conjugated anti-mouse IgG
and counterstained with DAPI. (A) Thrombospondin-1 antibody (green), (B) Collagen
α1(XI) antibody (red), (C) Thrombospondin-1 antibody (green) and Collagen α1(XI) (red)
overlap resulting in yellow where colocalization occurs.
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Table 1

MODELLER alignment based on amino acid sequence and secondary structure of the template.
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Table 2

Template evaluation using BLAST PDB search (E value) and RMSD of homology models from PyMOL.
Homology models were constructed in MODELLER. Secondary and tertiary structure comparison.

Template RMSD (Å) E value

Collagen IX NC4 (2UUR) 0.828 5.0 × 10−10

Bovine Neurexin 1α LNS (21R6) 2.506 0.65

N-terminal Lg-domain Shbg (1LHN) 8.619 1.3

Thrombospondin (1Z78) 7.482 1.5

Basic Alignment Search Tool (BLAST) Protein Database (PDB), root mean square deviation (RMSD). Smaller values indicate better match
between template structure and generated model. Expected value (E value) refers to the number of hits expected when searching a database.
Smaller value indicates a more accurate match.
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Table 3

Proteins identified from total extracted proteins.

PROTEIN NAMEa Accession Numberb

Actin, beta GENE ID: 280979

Actinin, alpha 4 GENE ID: 522269

Aggrecan GENE ID: 280985

Aldolase A, fructose-bisphosphate GENE ID:509566

Annexin A1 GENE ID: 327662

Annexin A2 GENE ID:282689

Annexin A5 GENE ID:281626

Acidic (leucine-rich) nuclear phosphoprotein 32 family, member B GENE ID:509685

Biglycan GENE ID:280733

Calreticulin GENE ID:281036

Chondroadherin GENE ID: 281069

Collagen, type I, alpha 1 GENE ID:282187

Chondrocalcin-Carboxy propeptide of collagen type II alpha 1 GENE ID:407142

Collagen, type II, alpha 1 GENE ID:407142

Collagen, type VI, alpha 1 GENE ID:511422

Collagen, type IX, alpha 1 GENE ID:282195

Collagen, type XI, alpha 1 GENE ID:287013

Collagen, type XI, alpha 2 (PARP) GENE ID:515435

Collagen, type XII, alpha 1 GENE ID:359712

Collagen, type XIV, alpha 1 GENE ID:7373*

Cartilage oligomeric matrix protein GENE ID:281088

Decorin GENE ID:280760

Epiphycan GENE ID:281747

Fibromodulin GENE ID:281168

Hyaluronan and proteoglycan link protein 1 GENE ID: 281717

Heat shock 70kDa protein 5 (glucose-regulated protein, 78kDa) GENE ID:415113

Heparan sulfate proteoglycan 2 GENE ID:444872

Lactate dehydrogenase A GENE ID:281274

Matrilin 1, cartilage matrix protein GENE ID:512059

Matrilin 3 GENE ID:540041

Nidogen 2 (osteonidogen) GENE ID:521854

Nucleolin GENE ID:497013

Phosphoglycerate kinase 1 GENE ID:507476

Procollagen-lysine 1, 2-oxoglutarate 5-dioxygenase 1 GENE ID:281409

Procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2 GENE ID:533642

Protein disulfide isomerase family A, member 3 GENE ID:281803
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PROTEIN NAMEa Accession Numberb

Protein disulfide isomerase family A, member 4 GENE ID:415110

Protein disulfide isomerase family A, member 5 GENE ID:511603

Prolyl 4-hydroxylase GENE ID: 281373

Pyruvate kinase, muscle GENE ID:512571

Semenogelin I GENE ID:281254

Serpin peptidase inhibitor, clade H (collagen binding protein 1) GENE ID:510850

Tenascin GENE ID:540664

Serotransferrin GENE ID:280705

Thrombospondin 1 GENE ID:281530

Thrombospondin 1, Amino terminal domain GENE ID:281530

Tumor rejection antigen (gp96 or HSP90B1) GENE ID:282646

Vitrin GENE ID:280957

National Center for Biotechnology Information (NCBI)

a
Entrez Gene Full Name Protein Accession number;

b
GENE ID Accession Number. Organism: Bos taurus,

*
By homology to human sequence; Homo sapiens
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Table 6

Osteochondrodysplasias linked with proteins found to associate with the collagen α1(XI)NTD

PROTEIN SKELETAL DYSPLASIA OMIM*a

COLIA1 Ostogenesis imperfecta / Ehlers-Danlos Syndrome 120150

COL2A1 Achondrogenesis, Hypochondrogenesis, Stickler syndrome, Kniest syndrome, Spondyloepiphyseal dysplasia 120140

COL5A1 Ehlers-Danlos Syndrome 120215

COL9A1 Multiple epiphyseal dysplasia, Stickler syndrome 120210

COL9A2 Multiple epiphyseal dysplasia, Intervertebral Disc Disease 120260

COL9A3 Multiple epiphyseal dysplasia, Intervertebral Disc Disease 120270

COL11A1 Fibrochondrogenesis, Stickler's syndrome, Marshall's syndrome 120280

COL11A2 Otospondylomegaepiphyseal, Non-ocular Stickler syndrome 120290

COMP Multiple epiphyseal dysplasia, Pseudoachondroplasia 600310

MATN3 Multiple epiphyseal dysplasia, Hand ostoarthritis 602109

HSPG2 Dyssegmental dysplasia 142461

PLOD1 Ehlers-Danlos Syndrome 153454

CMP Rhematoid arthritis, Polychondritis 115437

CRTL1 Dwarfism, Craniofacial abnormalities 115435

FMOD Ehlers-Danlos Syndrome 600245

a*
Online Mendelian Inheritance in Man Reference number
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