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ABSTRACT
Cartilage oligomeric matrix protein/thrombospondin-5 (COMP/TSP5) is an abundant cartilage extracellular matrix (ECM) protein that

interacts with major cartilage ECM components, including aggrecan and collagens. To test our hypothesis that COMP/TSP5 functions in the

assembly of the ECM during cartilage morphogenesis, we have employed mesenchymal stem cell (MSC) chondrogenesis in vitro as a model to

examine the effects of COMP over-expression on neo-cartilage formation. Human bone marrow-derived MSCs were transfected with either

full-length COMP cDNA or control plasmid, followed by chondrogenic induction in three-dimensional pellet or alginate hydrogel culture.

MSC chondrogenesis and ECM production was estimated based on quantitation of sulfated glycosaminoglycan (sGAG) accumulation,

immunohistochemistry of the presence and distribution of cartilage ECM proteins, and real-time RT-PCR analyis of mRNA expression of

cartilage markers. Our results showed that COMP over-expression resulted in increased total sGAG content during the early phase of MSC

chondrogenesis, and increased immuno-detectable levels of aggrecan and collagen type II in the ECM of COMP-transfected pellet and alginate

cultures, indicating more abundant cartilaginous matrix. COMP transfection did not significantly increase the transcript levels of the early

chondrogenic marker, Sox9, or aggrecan, suggesting that enhancement of MSC cartilage ECM was effected at post-transcriptional levels.

These findings strongly suggest that COMP functions in mesenchymal chondrogenesis by enhancing cartilage ECM organization and

assembly. The action of COMP is most likely mediated not via direct changes in cartilage matrix gene expression but via interactions of

COMP with other cartilage ECM proteins, such as aggrecan and collagens, that result in enhanced assembly and retention. J. Cell. Biochem.

113: 1245–1252, 2012. Published 2011. This article is a U.S. Government work and is in the public domain in the USA.
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C artilage oligomeric matrix protein (COMP, also known as

TSP5 in the literature) is an abundant component of cartilage

extracellular matrix (ECM) (Di Cesare et al., 1996, 2002; Murphy

et al., 1999). It is a pentameric ECM protein that can also be found in

bone, tendon, ligament, synovium, and blood vessels (Hedbom et al.,

1992; Di Cesare et al., 1994, 1997, 2000; Smith et al., 1997; Hecht

et al., 1998a). Its importance is suggested by its association with

several pathological conditions. The functional importance of COMP

to cartilage is underscored by its association with several joint

diseases. Mutations in COMP cause heritable diseases of skeletal
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dysplasia including pseudoachondroplasia and certain forms of

multiple epiphyseal dysplasia, conditions characterized by

defective cartilage ECM, disrupted longitudinal growth, and early

onset of arthritis. COMP expression patterns and levels are altered in

human arthritic conditions (Briggs et al., 1995; Hecht et al., 1995;

Cohn et al., 1996; Briggs and Chapman, 2002). COMP degradation

has been shown to correlate with cartilage destruction in arthritis of

the knee and hip (Di Cesare et al., 1996; Neidhart et al., 1997;

Petersson et al., 1998). Quantitative analysis shows a net loss of

COMP from arthritic cartilage as compared to normal cartilage.

Furthermore, COMP protein that remains in the arthritic cartilage

shows increased degradation fragments as compared to the mostly

intact COMP extracted from normal cartilage (Di Cesare et al., 1996).

These studies suggest that a defect in COMP may have a direct

impact on the ECM integrity and mechanical properties of the

cartilage.

Although the association of COMP with the above pathologic

conditions suggests its importance in cartilage, what role COMP

plays in healthy cartilage, and during cartilage formation and

cartilage ECM elaboration is not clear. COMP knockout mice do not

show overt skeletal defect during development (Svensson et al.,

2002). However, COMP deficiency affects the animals’ susceptibility

to arthritis development. When challenged with collagen type II

induced arthritis, COMP knockout mice showed a significant early

onset and increase in the severity in the chronic phase of arthritis,

while not affecting collagen type II autoimmunity (Geng et al.,

2008). This finding indicates the importance of COMP in cartilage

stability. To this end, COMP has been shown to be able to interact

with collagen type II (Rosenberg et al., 1998), and this interaction

appears to catalyze and increase the rate of collagen fibril formation

by promoting early association of collagens (Halasz et al., 2007). In

addition, we have previously shown that COMP can bind aggrecan,

another major cartilage ECM component (Chen et al., 2007). Due

to the fact that COMP is a pentamer, these properties suggest that

COMP has the potential to interact with multiple ECM proteins and

participate in ECM organization. Furthermore, we have shown that

COMP binds cells through cell surface integrin receptors (Chen et al.,

2005), and through this interaction, COMP can regulate intracellular

signaling transduction pathways and possibly influence cellular

phenotype development. These characteristics collectively suggest

the potential importance of COMP to cartilage phenotype develop-

ment, its matrix organization, and load support function.

Based on the above observation, we have hypothesized that

COMP may function in cartilage development and assembly and

organization of the cartilaginous ECM through interaction with the

other major matrix components. To address this, we have used

chondrogenically induced adult mesenchymal stem cells (MSCs) as

an experimental model. MSCs are adult tissue-derived progenitor

cells that have multi-lineage differentiation potentials (Chen and

Tuan, 2008). Specifically, upon stimulation with transforming

growth factor-b (TGF-b), high density three-dimensional (3D)

cultures of MSC undergo distinct chondrogenic differentiation,

expressing cartilage specific genes, including COMP, collage type II,

and aggrecan (Li et al., 2011), and elaborating a cartilage ECM (Yoo

et al., 1998). In this study, we have investigated the function of

COMP during neo-cartilage ECM formation by MSCs in vitro. We

have specifically analyzed the effects of COMP over-expression on

MSC chondrogenesis and ECM formation and organization.

MATERIALS AND METHODS

ISOLATION AND CULTURE OF MSC

Human MSCs were isolated from bone marrow obtained from

patients undergoing total joint arthroplasty with the IRB approval of

University of Washington (Seattle, WA) as previously described

(Song and Tuan, 2004). Briefly, MSCs were isolated from bone

marrow by means of direct substrate attachment, and were cultured

in Dulbecco’s Modified Eagle’s Medium (DME) with high glucose

containing 10% MSC-selected fetal bovine serum and antibiotics.

MSCs were used between passages 2 and 3 at 70–80% confluency.

MSC TRANSFECTION AND CHONDROGENESIS

MSCs were transfected using the Amaxa Nucleofection method

(Haleem-Smith et al., 2005) (Lonza, Basel, Switzerland) either with

an expression plasmid construct encoding the full-length COMP

cDNA (Chen et al., 2000) or with a control plasmid. Following

transfection, cells were allowed to recover in monolayer for 2 days.

MSC chondrogenic differentiation was initiated by culturing the

cells in high density 3D pellet culture or in alginate culture

supplemented with TGF-b3. Briefly, MSCs were trypsinized,

resuspended as single cells, and 2.5� 105 cells were pelleted at

300� g for 7min. Alginate cultures were formed essentially as

described previously (Robbins and Goldring, 1998). Cells were

suspended in 1.2% alginate at 4� 106 cells/ml, and alginate was

crosslinked with 102mM CaCl2 for 10min. Cell pellets and alginate

beads were cultured in chemically defined chondrogenic medium:

DME containing 1% ITSþ (BD Biosciences, Bedford, MA), 50mg/ml

ascorbate, 40mg/ml proline, and 0.1mM dexamethasone, contain-

ing recombinant human TGF-b3 (R&D Systems, Minneapolis, MN)

at 10 ng/ml. Culture medium was exchanged every 2–3 days until

harvest.

SULFATED GLYCOSAMINOGLYCAN (sGAG) ASSAY

Cartilage ECM formation was quantified by assaying total sGAG

production by the cells. Pellets were digested with papain in GAG

digestion buffer (0.1M sodium acetate, pH 6.0, containing 10mM

cysteine, and 50mM EDTA). An aliquot of the digest was assayed for

sGAG content using the Blyscan kit (Accurate Chemical& Scientific

Corp, Westbury, NY) according to the manufacturer’s instruction.

Another aliquot of the digest was assayed for DNA content using the

PicoGreen kit (Molecular Probes, Eugene, OR). For comparison,

sGAG content was normalized by DNA content.

IMMUNOBLOTTING

To assess the efficiency of COMP transfection, culture media of pellet

cultures were collected, and analyzed by immunoblotting using a

rabbit polyclonal antibody F8, directed against COMP (Hecht et al.,

1998b; Chen et al., 2000). Samples were electrophoretically

separated on an 8% SDS polyacrylamide gel. Recombinant human

COMP was used as a positive control (Chen and Lawler, 2001).

Proteins were electro-transferred to a nitrocellulose membrane,

and nonspecific binding was blocked with 5% powdered milk in
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Tris-buffered saline. F8 antibody was used at a dilution of 1:1,000.

Following incubation with horseradish peroxidase conjugated

goat anti-rabbit secondary antibody (Pierce Biotechnology Inc,

Rockford, IL), and immunoreactive proteins were detected by

enhanced chemiluminescence (Pierce).

HISTOLOGY AND IMMUNOHISTOCHEMISTRY

Pellets and alginate cultures were fixed with 4% paraformaldehyde,

and alginate beads were further crosslinked in 100mM BaCl2. After

embedding in paraffin, 5mm sections were obtained, and stained

with Alcian Blue (Rowley Biochemical Inst, Danvers, MA) for matrix

sGAG. The presence and distribution of cartilage specific ECM

proteins was examined by immunohistochemistry using the

following antibodies: aggrecan, 12/21/I-C-6 (DSHB-Developmental

Studies Hybridoma Bank, Iowa City, IA); type II collagen, II-II-6B3

(DSHB); and COMP, F8 (Chen and Lawler, 2001). After secondary

labeling with horseradish peroxidase conjugated secondary anti-

bodies, the Histostain kit (Zymed, San Francisco, CA) was applied for

detection with diaminobenzidine as the chromogen, in accordance

with the manufacturer’s instructions. After staining, the slides were

mounted in Clarion mounting medium (Biomeda, Foster City, CA)

for observation under the microscope.

QUANTITATIVE REAL-TIME RT-PCR (QPCR)

Pellet cultures were harvested in Trizol (Invitrogen, Carlsbad, CA).

Total RNA was isolated, and cleaned up using RNeasy (Qiagen,

Valencia, CA). The amount of RNA was determined spectrophoto-

metrically as A260. One microgram aliquot of total RNA was reverse

transcribed using Omniscript reverse transcriptase (Qiagen)

and oligo(dT) primers (Invitrogen). CybrGreen-based QPCR

was performed using gene-specific primers, including (1) COMP,

50-AACAGTGCCCAGGAGGAC-30 (sense) and 50-TTGTCTACCACC-
TTGTCTGC-30 (anti-sense); (2) aggrecan, 50-TCCCCACGGTCTC-
TCTTGTAG-30 (sense) and 50-GCCCACTTAGGTCCAGAAATCC-30

(anti-sense); (3) Sox9, 50-GCAGGCGGAGGCAGAGGAG-30 (sense)
and 50-GGAGGAGGAGTGTGGCGAGTC-30 (anti-sense); and (4)

HPRT, 50-CGAGATGTGATGAAGGAGATGG-30 (sense); and 50-
GCAGGTCAGCAAAGAATTTATAGC-30 (anti-sense). The house

keeping gene, HPRT, was used as a control for RNA loading.

Relative gene expression was determined using the standard curve

method.

RESULTS

COMP cDNA TRANSFECTION INCREASES COMP PROTEIN LEVEL

MSCs were transfected with full-length COMP cDNA, and

maintained as pellet cultures in chondrogenic medium. The culture

media collected from COMP transfected and control vector

transfected cultures at various time points were immunoblotted

for secreted COMP protein (Fig. 1). Higher levels of COMP were

detected in COMP-transfected cultures compared to the control

transfected cultures during early time points after transfection,

indicating that COMP cDNA transfection of MSCs effectively

increased their COMP protein production. However, the increase in

COMP production was not obvious at later time points of 14 and

21 days after transfection (Fig. 1).

COMP OVER-EXPRESSION INCREASES sGAG CONTENT

High density cultures of MSCs in TGF-b3 supplemented chondro-

genic medium underwent chondrogenesis and produced cartilage

like ECM including the accumulation of cartilage proteoglycans,

COMP, and collagen type II (Barry et al., 2001; Sekiya et al., 2002).

Biochemical analysis showed that sGAG content increased with time

in both control and COMP transfected pellets. At weeks 1 and 2,

sGAG contents were significantly higher in COMP transfected

pellets, compared to the control transfected pellets (Fig. 2),

suggesting higher levels of sulfated proteoglycans in the ECM

upon over-expression of COMP. The difference was no longer

significant after 3 weeks of culture (data not shown).

DISTRIBUTION OF CARTILAGE ECM COMPONENTS IN

PELLET CULTURES

The increased sGAG contents in COMP transfected pellets were

confirmed histologically by alcian blue staining, which showed

culture time-dependent increase in staining intensity in both control

and COMP transfected samples. Figure 3 depicts both low

magnification and high magnification views to illustrate the overall

and regional staining profiles, respectively. Consistent with the

Fig. 1. COMP production by MSCs cultures during chondrogenic differentiation. MSCs were transfected with full-length COMP cDNA (COMP) or control vector (Ctrl), and

induced to undergo chondrogenic differentiation in pellet cultures. Culture media were collected at the days indicated, and COMP protein was detected by immunoblotting

using F8 polyclonal antibodies against COMP. Duplicate cultures of each are shown. Immunoblot of purified COMP is shown in the rightmost lane. Increased COMP production

was seen in COMP-transfected cells at early culture times.
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quantitative sGAG data, COMP transfected cultures showed overall

more intense staining throughout the cell pellet, indicating higher

total sGAG content (Fig. 3, top). Higher magnification revealed the

more intense staining in the ECM of COMP transfected samples. To

confirm the presence of sulfated cartilage specific proteoglycans,

aggrecan immunohistochemistry was carried out (Fig. 3, bottom). In

agreement with the alcian blue observation, aggrecan immuno-

staining in COMP transfected samples also appeared to be stronger

in intensity, and more extensive and evenly distributed throughout

the ECM. Taken together, these findings indicate that a more

cartilaginous and organized ECM was produced in the COMP

transfected cultures.

COMP OVER-EXPRESSION INCREASES CARTILAGE MATRIX

PROTEIN LEVELS IN ALGINATE CULTURES

Three-dimensional culture of MSC in the hydrogel, alginate,

represents another system for efficient induction of chondrogenesis

in vitro (Majumdar et al., 2000; Yang et al., 2004). Unlike pellet

cultures, cell rounding, instead of direct cell–cell contact and cell

condensation, is postulated to be responsible for the promotion

of chondrogenesis in MSC suspension cultures in alginate. MSCs

undergoing chondrogenesis in alginate have been shown to display

phenotypic characteristics slightly different from those from pellet

culture, and have been suggested to more closely resemble articular

cartilage (Yang et al., 2004). We therefore tested whether COMP

transfection could also improve the outcome of MSC chondrogen-

esis in alginate. Figure 4 shows representative staining of cartilage

matrix proteins, including COMP, aggrecan, and collagen type II, in

alginate MSC cultures at 21 days after transfection. As expected,

COMP immunostaining in the ECM was higher in COMP transfected

cultures. Compared to control transfected samples, COMP trans-

fected cultures exhibited considerably stronger ECM staining for

both aggrecan and collagen type II, particularly in pericellular areas.

Specifically, both the intensity and the area of positive staining were

increased in the ECM of the COMP transfected cells as compared to

the control.

EFFECT OF COMP OVER-EXPRESSION ON CARTILAGE MARKER

GENE EXPRESSION

We have previously shown that COMP can bind to chondrocyte cell

surface receptors a5b1 and avb3 (Chen et al., 2005). Through this

interaction, it is plausible that COMP can influence intracellular

signaling and cellular phenotype. QPCR was next performed to

investigate whether the chondrogenesis-enhancing effect of COMP

over-expression was a result of increased mRNA expression of

chondrocyte-specific genes. The results showed that while trans-

fection of COMP caused the expected increase in COMP mRNA

levels, there was no significant increase in the transcript levels of the

early chondrogenic marker, Sox9, or of aggrecan, compared to

control (Fig. 5). This finding suggests that a direct transcriptional

effect of COMP over-expression to enhance MSC chondrogenesis

was unlikely.

DISCUSSION

In this study, we have investigated the effect of COMP over-

expression on human bone marrow-derived MSCs undergoing

chondrogenic differentiation. Our results showed that increased

expression of COMP led to increased levels of the major ECM

components, including aggrecan and collagen type II. This increase

was shown quantitatively by sGAG assay during the early time

points, and qualitatively by immunohistochemical staining of the

major cartilage markers of aggrecan and collagen type II, with

higher levels in the COMP transfected pellet and alginate cultures,

concomitant with the appearance of more abundant matrix. This

increase in cartilage matrix level could be a result of enhanced

chondrogenic differentiation of MSCs. To test this possibility, we

analyzed the mRNA expression of early chondrogenic marker genes

by QPCR, including Sox9, the master chondrogenic transcription

factor. Interestingly, over-expression of COMP did not result in

increased mRNA levels of Sox9 or aggrecan. A recent report by

Roman-Blas et al. (2010) employed chicken limb bud micromass

cultures transduced to express exogenous wild-type or mutant

COMP constructs. They also observed that over-expression of wild-

type COMP did not affect expression levels of the chondrocyte-

associated genes, collagen type II, and matrillin-3, but increased

sulfated proteoglycan production. Taken together, these results thus

suggest that the observed increased in cartilage ECM accumulation

is mostly due to enhanced matrix organization instead of enhanced

chondrogenic differentiation of MSCs at the gene expression level.

Our finding that higher levels of COMP correlate with higher

levels of other major cartilage matrix proteins is in agreement with

previous published reports suggesting a potential role of COMP in

cartilage load support. These studies showed that the expression of

COMP seems to correlate with the load-bearing function of tissues.

During mouse limb development, COMP expression coincides with

the elaboration of a weight-bearing chondrocyte matrix (Murphy

et al., 1999). In addition, high COMP expression has been shown to

be localized to anatomic sites that sustain heavy loads and correlate

Fig. 2. sGAG production by MSC pellet cultures during chondrogenesis.

Pellet cultures of MSCs, transfected with full-length COMP cDNA (COMP)

or control vector (Control), were induced to undergo chondrogenic differenti-

ation, harvested at the indicated time points, and analyzed for sGAG content

using the Blyscan kit. DNA contents of the pellets were determined using

PicoGreen assay and used for normalization of sGAG contents. The results

showed that COMP over-expression resulted in higher sGAG production during

the first 2 weeks of MSC chondrogenesis. Values are mean� SD (n¼ 5).
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with the elaboration of a weight-bearing chondrocyte matrix. For

example, articular joint cartilage experiences higher load than

cartilage from other organs. Correspondingly, articular cartilage

expresses greater levels of COMP (3.4mg/g wet weight) than rib and

tracheal cartilage (0.26 and 0.04mg/g wet weight, respectively,

Hauser et al., 1995). In the same animal, tendons with the highest

loading contain the greatest levels of COMP (Smith et al., 1997). The

above observations suggest that in vivo, COMP is synthesized in

Fig. 3. Histological analysis of MSC pellet cultures undergoing chondrogenesis: Alician blue for sGAG and immunohistochemistry for aggrecan. MSCs were transfected with

full-length COMP cDNA (COMP) or control vector (Control), and induced to undergo chondrogenic differentiation in pellet cultures. Pellets were harvested at the indicated time

points and fixed and processed for histology. Both low and high magnifications of the staining are included, showing more prominent and distinct staining for sGAG (Alcian

blue) and aggrecan in the overall pellet as well as in pericellular matrix of the newly formed cartilage of COMP-transfected cultures from culture day 14 on. [Color figure can be

seen in the online version of this article, available at http://wileyonlinelibrary.com/journal/jcb]
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response to load, and its presence may be necessary for cartilage and

tendon to carry out its load support function.

Articular cartilage in normal joints can resist, withstand, and

transmit large loads (Mankin et al., 1994; Ratcliffe and Mow, 1996;

Mow and Ratcliffe, 1997). This unique function depends on the

structural composition and organization of its ECM. The ability of

articular cartilage to resist compression is primarily due to the

presence of proteoglycan aggregates. High density, fixed negative

charges of the sGAG chains draw water into the tissue (Linn and

Sokoloff, 1965; Maroudas, 1979; Lai et al., 1991; Hardingham et al.,

1992; Buschmann and Grodzinsky, 1995), resulting in a large

osmotic pressure (Hardingham et al., 1992). The fluid phase of

cartilage is important for its function, being able to support>90% of

applied stress, shielding the matrix from excess deformation (Soltz

and Ateshian, 1998). It has been shown that sGAG loss with change

in water content is an early sign for cartilage degeneration and

deceased function. Cartilage tensile stiffness and strength, on the

other hand, is determined primarily by the collagen network

(Kempson et al., 1970). In addition, collagen can also contribute to

the compressive behavior of cartilage (Williamson et al., 2001).

Thus, the biomechanical properties of articular cartilage are highly

dependent on the integrity of the ECM network and on the

maintenance of high proteoglycan content within the matrix. Our

findings here show that higher contents of COMP result in higher

levels of sGAG, aggrecan and collagen type II, and better matrix

organization in newly formed cartilage derived from chondrogenic

differentiation of adult human MSCs. Taken together with previous

published results on the interaction of COMP with both collagens

and aggrecan, our results are consistent with the proposed function

of COMP in cartilage matrix organization and load support via its

interaction with the two other major components of aggrecan and

collagen.
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