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Elevated Levels of Cartilage Oligomeric 
Matrix Protein during In Vitro Cartilage
Matrix Generation Decrease Collagen
Fibril Diameter
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Abstract

Cartilage oligomeric matrix protein (COMP) is a protein present in the cartilage matrix and is expressed more abundantly 
in osteoarthritis cartilage than in healthy cartilage. The present study was designed to investigate the effect of transform-
ing growth factor β (TGFβ) on COMP deposition and the influence of COMP on collagen biochemistry in a long-term 
3-dimensional culture. Bovine chondrocytes in alginate beads were cultured with or without 25 ng/mL TGFβ2 for 21 or 
35 days. COMP was overexpressed in bovine chondrocytes using lentiviral transfection. COMP gene expression, COMP 
protein production, collagen and proteoglycan deposition, and collagen fibril thickness were determined.  Addition of TGFβ2 
resulted in more COMP mRNA and protein than the control condition without growth factors. Lentiviral transduction with 
COMP resulted in elevated gene expression of COMP and increased COMP levels in the alginate bead and culture medium 
compared to untransfected cells. Overexpression of COMP did not affect the deposition of collagen, collagen cross-linking, 
proteoglycan deposition, or the mechanical properties. Stimulating COMP production by either TGFβ2 or lentivirus resulted 
in collagen fibrils with a smaller diameter.  Taken together, COMP deposition can be modulated in cartilage matrix production 
by the addition of growth factors or by overexpression of COMP. Inducing COMP protein expression resulted in collagen 
fibrils with a smaller diameter. Because it has been demonstrated that the collagen fibril diameter is associated with mechani-
cal functioning of the matrix, modulating COMP levels should be taken into account in cartilage regeneration strategies.
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mutations in the comp gene resulting in retention in the 
endoplasmatic reticulum of the cell often also lead to altered 
secretion of collagen type IX and matrillin 3. Secretion of 
collagen type II is less affected by COMP mutations.6,10,11 

Introduction

Cartilage oligomeric matrix protein (COMP) is a homopen-
tameric protein of 520 to 550 kDa with subunits of 100 to 
120 kDa.1 COMP was originally found in cartilage2 but is 
also present in a large variety of other tissues such as ten-
don,3 synovium, and skin.4 The function of COMP in the 
formation of a cartilage matrix is not completely under-
stood. It is known that COMP interacts with several com-
ponents of the extracellular matrix such as collagen type I, 
II,5 and IX6 and the noncollagenous proteins matrillin 
(MATN) 1, 3, and 4 and aggrecan.7,8

A large number of COMP mutations has been identified, 
some causing phenotypes ranging from severe pseudoa-
chondroplasia (PSACH) to mild multiple epiphyseal dys-
plasia (MED)9 depending on the location of the mutation. 
Because COMP interacts with other matrix proteins, the 
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In addition, COMP mutations result in alterations in carti-
lage matrix assembly and reduced interaction between 
chondrocytes and COMP, which could also contribute to 
the PSACH or MED phenotype.12  Surprisingly, complete 
absence of COMP in vivo does not result in morphological 
or anatomical changes and does not lead to any signs of 
PSACH or MED.13 Recently, COMP was found to influence 
the fibril formation of collagen type I and II, leading to 
quicker fibrillogenesis and better organized collagen fibrils 
in vitro depending on the ratio between COMP and colla-
gen. However, COMP was not associated with mature col-
lagen fibrils, suggesting a role as catalyst in fibrillogenesis 
for COMP.14 Without the presence of COMP, collagen fibrils 
were formed slower and with a larger diameter.14

The distribution of COMP within healthy cartilage changes 
in time. In young cartilage, COMP is uniformly present in 
the superficial layers of the cartilage, whereas in the middle 
layer, the location is more territorial (around the chondro-
cytes), shifting with age toward a more interterritorial dis-
tribution.15 In degenerating cartilage, as seen in osteoarthritis 
(OA), COMP is mainly present in the pericellular matrix of 
cell clusters as a result of reactivation of COMP synthesis.16,17 
Here, COMP is mainly located on the collagen fibers, whereas 
in healthy cartilage, almost no COMP is associated with col-
lagen fibers.16 Besides the shift in matrix distribution, gene 
expression and protein expression are also increased in OA 
when compared to healthy cartilage.16,18 The interactions 
between COMP and other matrix components and the shift 
of COMP distribution in OA cartilage to a more immature 
distribution pattern, in a possible attempt to repair the carti-
lage, suggest that COMP may have a role in the development 
of articular cartilage.

The production of COMP can be regulated by growth 
factors. Recklies et al. found that synthesis of COMP by 
articular chondrocytes in a short monolayer culture was 
induced very strongly by transforming growth factor (TGF) 
β.19 TGFβ is often mentioned to play a role in OA20 and is 
often used to induce a chondrogenic cell phenotype or 
enhance extracellular matrix production. Because of the 
possible role of COMP in the cartilage matrix production, 
assembly, and regeneration, the goal of the present study was 
to examine the role of COMP during cartilage matrix gen-
eration in vitro in a long-term 3-dimensional culture. Spe-
cifically, we hypothesize that TGFβ will increase COMP 
gene expression and protein production by isolated chon-
drocytes and consequently have an effect on extracellular 
matrix assembly, and functional properties of the generated 
matrix in a long-term 3-dimensional culture were examined. 
From our earlier studies, we know that TGFβ results in less 
proteoglycan deposition, less collagen deposition, and 
fewer cross-links per collagen molecule,21,22 making it 
difficult to draw hard conclusions on the possible effects 
on COMP on these parameters. Therefore, we also 

overexpressed COMP in primary chondrocytes using lenti-
virus for stable integration.

Methods
Cell Culture

Articular cartilage was harvested from metacarpophalangeal 
joints of calves aged 6 to 12 months. Full-thickness slices of 
noncalcified articular cartilage were subjected to pronase 
(2 mg/mL) (Sigma, St. Louis, MO) digestion for 2 hours 
followed by overnight collagenase B (1.5 mg/mL) (Roche 
Diagnostics, Basel, Switzerland) digestion. Chondrocytes were 
resuspended in 1.2% (w/v) low viscosity alginate (Keltone, 
NutraSweet, Surrey, UK) in 0.9% NaCl (Sigma) at a con-
centration of 4 × 106 cells/mL, and beads were made as 
described previously.23 Briefly, the cell-alginate suspension 
was pressed through a 22-gauge needle in 105 mM CaCl2. 
Beads were washed with 0.9% NaCl and Dulbecco’s Modi-
fied Eagle Medium (DMEM)/F12 (GibcoBRL, Gaithers-
burg, MD) and inspected visually. Beads that appeared 
smaller or larger were not included in the experiment. The 
average volume of the alginate beads was 15 μL.  After 
transfer to a 6-well plate (BD Falcon, Bedford, MA), they 
were cultured in 75 μL culture medium per bead.  DMEM/
F12 was used as culture medium supplemented with 10% 
fetal bovine serum (GibcoBRL), 50 μg/mL L-ascorbic acid 
2-phosphate (Sigma), 50 μg/mL gentamicin (GibcoBRL), 
and 1.5 μg/mL fungizone (GibcoBRL). Chondrocytes were 
cultured with and without 25 ng/mL TGFβ2 (recombinant 
human) (R&D Systems, Abington, UK) and harvested after 
11 and 21 days of culture. TGFβ2 and its concentration was 
chosen based on our own and others’ previous results.21,22,24,25 
In previous studies, the 3 isoforms of TGFβ were compared 
in vitro, and significant differences between the isoforms 
were never observed.26

For experiments with lentivirus, chondrocytes were incu-
bated with or without virus for 4 hours prior to suspension in 
alginate and cultured for 11, 21, or 35 days. Culture medium 
was changed 3 times per week.

COMP and GFP Lentivirus Production
A 4-plasmid expression system was used to generate lenti-
viral vectors by transient transfection. The 4 plasmids were 
the following: 1) the expression plasmid (pLV), in which 
human COMP or green fluorescent protein (GFP) cDNA 
was fused to a CMV promoter. For this, COMP in the 
pCMV6-XL5 vector based on NM_000095.2 (Origene, 
Rockville, MD) was cut, and CMV and COMP were ligated 
into the pLV expression plasmid. 2) The packaging plasmid 
pLP1 encoding Gag and Pol, 3) the packaging plasmid 
pLP2 encoding Rev, and 4) the envelope plasmid pLP/
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VSVG for surface proteins. Lentiviral vectors were produced 
by transfection of plasmid DNA into 293FT cells using the 
transfection agent Lipofectamine 2000 (Invitrogen, Carlsbad, 
CA). Transfections were done in 75 cm2 flasks using 9 μg 
expression plasmid, 6.4 μg of pLP1, 4.8 μg of pLP2, and 3.4 
μg of pLP/VSVG. Medium was changed after 24 hours and 
collected after an additional 48 hours. The medium was fil-
tered and concentrated by ultracentrifugation. The p24 ELISA 
(Gentaur, Brussels, Belgium) was used according to the 
manual to determine the number of infectious units. Cell 
transduction was performed by incubating bovine chondro-
cytes with COMP or GFP lentivirus at an MOI of 0.75 for 
4 hours prior to suspending the chondrocytes in alginate 
and making beads. 

Determination of Transfection Efficiency
Chondrocytes infected with GFP were recovered from algi-
nate beads using 75 μL per bead of 55 mM sodium citrate 
and 20 mM ethylene diamintetraacetate (EDTA) in 150 mM 
NaCl for 20 minutes at room temperature. After washing 
twice in PBS, chondrocytes were resuspended in PBS with 
0.1% FCS. Analysis of transfection efficiency was performed 
using a FACSCalibur flow cytometer (BD Biosciences, 
Mountain View, CA). A minimum of 10,000 cells per sample 
was collected. Data acquisition and analysis were performed 
using CellQuest 3.3 (Becton Dickinson, Franklin Lakes, NJ).

RNA Isolation and Quantitative RT-PCR
For total RNA isolation, alginate beads were dissolved in 
150 μL/bead sodium citrate buffer. After centrifugation, cell 
pellets were suspended in 1000 μL RNA-BeeTM (TEL-
TEST Inc., Friendswood, TX) and subsequently precipitated 
with 2-propanol and purified with lithium chloride. Total 
RNA was quantified using Nanodrop ND-1000 spectropho-
tometer (NanoDrop Technologies, Wilmington, DE), and 
500 ng total RNA of each sample was reverse transcribed 
into cDNA using RevertAidTM First Strand cDNA Synthe-
sis Kit (MBI Fermentas, St. Leon-Rot, Germany).  Quantita-
tive real-time PCR was performed using the ABI Prism 7000 
Sequence Detection system (Applied Biosystems, Foster 
City, CA) for quantification using TaqMan (Applied Biosys-
tems) and SYBR Green (Eurogentec, Maastricht, The  
Netherlands) and melting curve analysis. Primer sequences 
for the genes were as follows: for glyceraldehyde-3- 
phosphate dehydrogenase (GAPDH reference gene) for-
ward: GTCAACGGATT TGGTCGTATTGGG, reverse: 
TGCCATGG GTGGAATCATATTGG, and probe: Fam-
TGGCGCCCCAACCAGCC-Tamra. For the COMP assay 
specific for bovine, reverse: TCTGATCTGAGTTGG 
GCACCTT, forward: CCAGAAGAACGACGACCAGAA. 
For the COMP assay specific for humans, a TaqMan  
gene expression assay was used (Applied Biosystems). PCR 

conditions were as follows: 2 minutes at 50 °C and 10 min-
utes at 95 °C, followed by 40 cycles of 15 seconds at 95 °C 
and 1 minute at 60 °C, with data collection during the last 
step. For GAPDH and human COMP, TaqMan 2x Universal 
PCR Mastermix (Roche Diagnostics) was used in the reac-
tion. For bovine COMP, qPCR Mastermix Plus SYBR Green 
I (Eurogentec, Seraing, Belgium) was used in the reaction. 
All PCRs were performed in a total volume of 25 μL. Rela-
tive quantification of PCR signals was performed by com-
paring the threshold cycle value (Ct), in duplicate, for the 
gene of interest in each sample with the Ct value for the ref-
erence gene GAPDH. Quantitative PCR analysis of each 
sample was performed in duplicate.

Isolation of Cell-Associated Matrix
Alginate beads were dissolved by adding 75 μL per bead of 
sodium citrate buffer for 20 minutes at room temperature. 
The suspension was centrifuged for 10 minutes at 1000 rpm 
(Eppendorf, Hamburg, Germany) to separate cells sur-
rounded by its cell-associated matrix (CM, the pellet) from 
components originating predominantly from the “interter-
ritorial” or further removed matrix (FRM, the supernatant) 
from the cells as described previously.23,27

Biochemical Assays
Alginate beads or separated CM and FRM were digested 
overnight at 56 °C in papain buffer (250 μg/mL papain in 
50 mM EDTA and 5 mM L-cysteine). Glycosaminoglycan 
(GAG) amount in the digest was quantified using dimethyl-
methylene blue (DMB) assay at a pH of 1.75. By lowering 
the pH of the DMB solution from 3.0 to 1.75, carboxyl 
groups of the alginate are protonated while sulfated GAGs 
can still form complexes with DMB.28 The metachromatic 
reaction of GAG with DMB was monitored with a spec-
trophotometer, and the ratio A530:A590 was used to deter-
mine the amount of GAG present, using chondroitin sulfate 
C (Sigma) as a standard. High-performance liquid chro-
matography (HPLC) of amino acids (hydroxyproline, 
Hyp) and collagen cross-links (hydroxylysylpyridinoline, 
HP) was performed by the methods of Bank.29 The quanti-
ties of cross-links were expressed as the number of residues 
per collagen molecule, assuming 300 Hyp residues per col-
lagen triple helix.

COMP Detection with ELISA
To analyze the produced extracellular matrix and the cul-
ture medium for COMP, alginate beads were dissolved in 
the sodium citrate buffer. To block proteolysis, the broad-
spectrum protease inhibitor Complete (Roche Diagnostics) 
dissolved in PBS was added to the alginate and culture 
medium samples. A COMP ELISA (Anamar, Göteborg, 
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Sweden) was used to quantify the COMP content according 
to the manual. 

Mechanical Testing
For mechanical characterization, we used 4 × 106 cells/mL 
in 1.2% (w/v) alginate constructs that were 3 mm thick and 
6 mm in diameter. Constructs were prepared as previously 
described.30 After 35 days of culture, constructs were 
mounted on the Dynamic Mechanical Analyzer DMA Q800 
(TA Instruments, New Castle, DE) and tested in a radially 
unconfined stress relaxation test as described previously.31 
The secant modulus is related to the interaction between the 
solid and the liquid phase and is therefore an indication for 
the ability to hold water. The modulus measured at equilib-
rium depends strongly on the compressive stiffness of the 
(cartilaginous) solid matrix.32

Electron Microscopy and Fibril Measurements
After 21 days of culture, beads were rinsed 3 times in PBS, 
fixed for 2 hours at room temperature in 0.1 M sodium 
cacodylate-buffered 1.5% glutaraldehyde (EM grade) (Sigma) 
and 1% paraformaldehyde, pH 6.7, and then rinsed 3 times in 
0.15 M sodium cacodylate. After postfixation for 2 hours in 
0.1 M sodium cacodylate-buffered 1% osmium tetroxide 
(OsO4), pH 6.7, beads were dehydrated in a series of graded 
acetone and embedded in LX 112 (Epon, Ladd Research, 
Williston, Vermont, USA). Ultrathin sections (LKB Ultra-
tome IV, LKB, Stockholm, Sweden) were mounted on cop-
per grids (300 mesh) and contrasted with 2% uranyl acetate 
(10 minutes at 45 °C) and lead citrate. They were examined 
with a Zeiss 902 electron microscope (Oberkochen, Ger-
many). Pictures were taken in the pericellular region at 
2,800×, 18,000×, and 89,000× magnification. Four pictures 
per sample (89,000× magnification) were used to measure col-
lagen fibril thickness with ImageJ 1.40g (National Institutes 
of Health, Bethesda, Maryland, USA). In each picture, all 
collagen fibrils (excluding noncollagen fibers and histol-
ogy artifacts) were measured.

Statistical Analysis
The experiments were repeated 3 times. Each experiment 
consisted of 3 times 7 beads per experimental condition 
for biochemical analyses and 2 samples of 10 beads per 
experimental condition for gene expression analysis. 
Experiments for mechanical testing were repeated 2 times 
with a total of 6 samples per group. Statistical analysis 
was performed using GraphPad Prism 5.01 (GraphPad 
Software, San Diego, CA) software. All data are presented 
as mean ± standard deviation. Control groups without 
TGFβ or lentivirus and groups supplemented with TGFβ 
or transfected with COMP lentivirus were compared with 
a Mann-Whitney test.

Results
COMP Expression in Presence of TGFβ

The presence of TGFβ2 increased the expression 14-fold 
after 11 days of culture (Fig. 1A). COMP protein deposi-
tion in the alginate bead, quantified with ELISA, increased 
approximately 2-fold after the addition of TGFβ2 (Fig. 1B).

Distribution of Matrix Components after
Addition of TGFβ2
The distribution of COMP, collagen, and proteoglycans 
within the alginate bead after 21 days of culture was deter-
mined by separation of the CM and FRM. In both the 

Figure 1. The effect of 25 ng/mL TGFβ2 on COMP gene and 
protein expression. Gene expression of bovine COMP is 
shown (A) by expression after culturing for 11 days relative 
to the control without growth factors, which is set at 1 (n = 6).
(B) Protein deposition of COMP in the alginate beads is shown in 
relative COMP units as determined with ELISA (n = 9). *Significant 
difference (P < 0.05) between growth factor and control without 
growth factor.
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control and TGFβ2 condition, approximately 30% of the 
COMP was located in the CM and approximately 70% of 
the COMP in the FRM (Fig. 2A). The same distribution for 
the proteoglycans was seen in the control condition. Addi-
tion of TGFβ2 resulted in a slight shift toward the FRM, 
although this is not significantly different from control 
(Fig. 2B). In the case of collagen, 66% ± 8% was cell asso-
ciated, and 34% ± 4% was further removed from the cell in 
the control condition. This distribution changed to less col-
lagen in the CM in the presence of TGFβ2 (Fig. 2C).

Collagen Fibril Diameter in Response to TGFβ
To further investigate the effect of increasing COMP pro-
duction on the newly formed matrix, we measured colla-
gen fibril diameter on an electron microscopic level. The 
matrix of chondrocytes cultured in the presence of TGFβ2 
appeared more organized than the matrix produced in the 
corresponding control condition (Fig. 3A) because colla-
gen fibrils were aligned more parallel to the chondrocyte 
surface in the presence of TGFβ2. Collagen fibril diameter 
also decreased from 23.0 nm to 20.0 nm when TGFβ2 was 
present (Fig. 3B).

COMP Gene Expression after Lentiviral Transfection
To evaluate whether the effect on matrix seen in cultures 
with TGFβ was due to increased COMP expression, a len-
tiviral vector was used to more selectively increase COMP 
gene expression.  A GFP lentivirus was used in parallel to 
determine transfection efficiency. In time, the percentage of 
GFP-positive cells did not decrease, indicating that a stable 

transfection was accomplished (Figs. 4A and B). The human 
COMP gene expression increased in time when bovine 
chondrocytes were transfected with the COMP lentivirus. In 
the control conditions without virus or an empty virus, no 
human COMP gene expression was seen (Fig. 5A). Bovine 
COMP gene expression was not influenced by transfection 
with lentivirus (Fig. 5B). As quantified by ELISA, COMP 
protein deposition was increased 1.5-fold after lentiviral 
transfection at day 21. COMP secretion into the culture 
medium was also increased (Fig. 5C).

Matrix Deposition and Functionality in Response
to COMP Overexpression
The amount and distribution of collagen deposited were not 
influenced after COMP transfection (Fig. 6A). The number 
of HP cross-links per collagen triple helix was 0.57 ± 0.02 
in the control condition and not significantly changed after 
COMP transfection (Fig. 6B). The proteoglycan production 
and distribution (Fig. 6C) were also not influenced by 
COMP overexpression. The ability to hold water (defined 
by the secant modulus) and the stiffness of the matrix (defined 
by the equilibrium modulus) were also not significantly dif-
ferent between the control and COMP transfected condition 
(Figs. 6D and E).

Collagen Fibril Diameter in Response to Increased 
COMP Production
The induction of COMP production by chondrocytes using a 
lentivirus also resulted in a more organized matrix compared 
to the corresponding control condition (Fig. 7A). As seen 

Figure 2. The effect of 25 ng/mL TGFβ2 on absolute matrix distribution with relative percentages after 21 days of culture as shown by 
the distribution of (A) COMP, (B) proteoglycans, and (C) collagen between the cell-associated matrix (CM, dark bars) and the further 
removed matrix (FRM, light bars). N = 9. *Significant difference (P < 0.05) in relative distribution between TGFβ2 and control without 
TGFβ2. #Significant difference (P < 0.05) in absolute values between the TGFβ2 condition and control condition.
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after the addition of TGFβ to the chondrocytes leading to 
increased COMP production, overexpressing COMP also 
resulted in smaller diameters of the collagen fibrils (Fig. 7B).

Discussion
Osteoarthritis is characterized by cartilage damage, and 
once damaged, adult articular cartilage has a poor repair 

capacity, which is probably due to the ineffective repair of 
the collagen network because proteoglycan depletion is 
often reversible.33 COMP interacts with several other carti-
lage matrix molecules and is involved in matrix-chondrocyte 
interaction.34 It is also up-regulated during the progression 
of OA18 and therefore used as a marker for OA.35-38 The 
present study shows that COMP gene expression and pro-
tein deposition by chondrocytes in alginate beads were 
up-regulated in the presence of TGFβ2. We previously 
examined collagen and glycosaminoglycan deposition as 
well as mechanical properties of these samples.22 There, we 
found that TGFβ2 slightly influenced collagen deposition 
by bovine chondrocytes in alginate and severely reduced the 
number of collagen cross-links without affecting function-
ality of the newly formed matrix. It is unclear why TGFβ 
addition resulted in less collagen deposition in the alginate 
bead. This effect confirmed our observations in 2 previous 
studies,21,22 in which we found that TGFβ2 was able to 
induce collagen production when chondrocytes were cul-
tured on plastic instead of in alginate beads, suggesting the 
culture environment plays an important role in the effect of 
TGFβ on collagen production.21 Because of the pleiotropic 
effects of TGFβ, it is not possible to determine whether the 
increase of COMP deposition in this condition leads to a 
better integrity of the newly formed matrix and whether 
COMP is involved in cartilage development as seen previ-
ously.16 With lentiviral overexpression, we increased COMP 
gene expression and protein production. This appeared to 
have no effect on absolute matrix deposition and functional 
properties. However, increasing COMP production resulted 
in a more organized collagen matrix and collagen fibrils 
with a smaller diameter, independent of the approach used 
to induce COMP production (i.e., lentiviral overexpression 
of COMP or addition of TGFβ to the culture medium).

COMP interacts with collagen type 2 (COL2),5 and COMP 
could function as a catalyst in collagen fibrillogenesis. Previ-
ous experiments have shown that in vitro fibrillogenesis of 
collagen type I or II can be modulated (i.e., smaller diameter 
of the fibrils and quicker fibrillogenesis) when coincubated 
with COMP without clear attachment of COMP to the formed 
collagen fibrils.14 This might be an indication that COMP acts 
as a catalyst for collagen fibrillogenesis. A possible catalyst 
role of COMP in collagen fibrillogenesis might explain the 
results we see: more COMP production as a result of lentivi-
ral transfection of the COMP gene, and as a result, collagen 
fibrils with a smaller diameter but not much extra COMP in 
the alginate bead and thus incorporated in the matrix. Possi-
bly, the extra COMP is not necessary because collagen depo-
sition is unchanged, and therefore COMP is diffused directly 
into the culture medium. Future experiments might include 
induction of collagen deposition as shown previously21,22 in 
combination with COMP overexpression to examine COMP 
and collagen interaction more closely. 

Figure 3. Representative examples of electron microscopic 
analysis of alginate beads cultured for 3 weeks in the presence 
of TGFβ2 and its corresponding control condition. (A) Newly 
formed matrix in the presence of TGFβ2 and its control 
condition. Arrows point out collagen fibrils parallel to the cell 
surface; arrowheads indicate actual collagen fibrils with their 
typical banded pattern. Magnifications are 18,000× (upper row), 
with the bar indicating 2 μm, and 89,000× (lower row), with the 
bar indicating 200 nm. (B) Diameter of collagen fibrils with or 
without TGFβ showed as the diameter of individual fibrils, with 
mean diameter ± SD. *Significant difference, P < 0.05.
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Interestingly, inducing COMP production by either 
TGFβ stimulation or lentiviral transduction resulted in 
more organized collagen matrix and a decrease of colla-
gen fibril diameter. To our knowledge, 3 other studies 
describe the relation between COMP amount and colla-
gen fibril diameter. In a recent study with COMP and col-
lagen type IX single and double knock-out chondrocytes, 
we found indications that COMP and collagen type IX 
regulate collagen fibril diameter.11 In another study per-
formed on equine tendons, a positive correlation between 

high COMP levels and the percentage of small collagen 
fibrils was present,39 which corresponds to our findings. 
Halázs et al. concluded that COMP is involved in colla-
gen fibrillogenesis in vitro, affecting intermediate forms 
of collagen fibrils and increasing the rate of fibril forma-
tion when COMP and collagen were coincubated in a test 
tube. Without the presence of COMP, collagen fibrils 
with a larger diameter were found.14 Next to an altered 
fibril diameter, the latter study also reports on altered col-
lagen organization when COMP is absent. This confirms 

Figure 4. The effect of lentiviral transfection of GFP as a control for transfection efficiency. (A) The percentage of positive cells in the 
GFP transfected condition increased from 92% at day 7 to 99% at day 21. No GFP-positive cells were present in the untransfected 
control condition. N = 2. (B) Cells with or without GFP lentivirus in alginate analyzed with a fluorescence microscope. No green 
fluorescent cells were present in the control condition after 21 weeks of culture; green cells were visible in the GFP lentivirus condition. 
The bar represents 0.5 mm.

Figure 5. COMP gene expression in bovine chondrocytes, transfected with or without lentivirus containing the human COMP gene or 
an empty virus. (A) Relative human COMP gene expression corrected for GAPDH after lentiviral transduction of bovine chondrocytes. 
No human COMP gene expression was detected in the bovine chondrocytes in the control conditions. (B) Relative endogenous bovine 
COMP gene expression after transduction with human COMP. (C) The effect of lentiviral COMP overexpression on COMP production. 
After transfection with or without lentivirus containing the human COMP gene, alginate beads (dark bars) and the culture medium (light 
bars) were analyzed after 21 days of culture for the presence of COMP with ELISA. N = 6.
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the results of our present study, in which we also found 
an effect of COMP on collagen fibril organization.

The diameter of the collagen fibrils is known to play a 
significant role in determining the mechanical properties of 
the tissue. Deformation of tissues is related to the propor-
tion of small diameter fibrils, and as the diameter increases, 
the flexibility of the tissue decreases.40,41 In previous stud-
ies, we have demonstrated that mechanical properties of 
alginate scaffolds with cells that are cultured for several 
weeks are higher than properties of alginate scaffolds with-
out cells.22,42 In addition, we were able to modulate the 
mechanical properties of the newly formed cartilage matrix 
by stimulating collagen and proteoglycan production22 or 
inhibiting proteoglycan formation.43 In the present study, we 
did not observe altered mechanical properties when COMP 
production was stimulated, despite the small diameter of 
the collagen fibrils. Immaturity of the newly formed matrix 
might explain this. This was also seen for collagen cross-
links that became important when the matrix was more 

mature.31 This suggests that cartilage matrix in which high 
levels of COMP had been present during formation can be 
of less quality in a more mature phase because of the small 
diameter collagen fibrils. To confirm this would require 
very long-term culture experiments. 

Regulation of COMP gene expression and protein produc-
tion by chondrocytes with growth factors has been shown 
before.19 In that study by Recklies et al., TGFβ addition also 
resulted in increased synthesis of COMP and therefore con-
firms our results. However, monolayer cultures of chon-
drocytes were used, and expression was analyzed after a 
short-term culture. In our study, chondrocytes were cultured in 
a 3-dimensional environment in order to maintain their pheno-
type, resulting in proper matrix production. COMP distribu-
tion over the matrix is not affected by TGFβ, in contrast to 
collagen distribution. This suggests that COMP localization is 
not dependent on collagen. Overexpression of COMP did not 
influence collagen or proteoglycan production and distribu-
tion. This confirms earlier results for COMP and collagen.16

Figure 6. Collagen biochemistry and matrix functionality in lentiviral transfected chondrocytes. (A) Collagen deposition and distribution 
between cell-associated matrix (CM, gray) and further removed matrix (FRM, white). (B) Collagen cross-linking. (C) Proteoglycan 
deposition and distribution between CM (gray) and FRM (white) (all N = 9). (D) Secant modulus and equilibrium modulus of newly 
formed matrix after 35 days of culture, N = 12. The previously determined equilibrium aggregate modulus and the secant modulus of 
1-day-old constructs were 0.36 kPa and 2.1 kPa, respectively.22,42
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Taken together, COMP production and deposition were 
increased by TGFβ and lentiviral overexpression, both 
leading to smaller diameters of collagen fibrils and changed 
organization of collagen. From the overexpression experi-
ments, we conclude that induction of COMP production 
has no effect on other biochemical parameters. Increased 

production of COMP is one of the features of OA,16,18 next 
to increased synthesis of other cartilage matrix molecules,33,44 
although repair is ineffective. Increased COMP production 
in OA could lead to decreased stiffness of the cartilage via 
decreasing collagen fibril diameter, therefore negatively 
affecting the quality of the matrix. Lowering COMP levels 
could therefore contribute to successful cartilage regenera-
tion strategies. 
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