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Normal articular cartilage is composed of chondrocytes
embedded within an extracellular matrix (ECM). The patterns
of integrin expression determine the adhesive properties of
cells by modulating interactions with specific ECMs. Our
hypothesis is that chondrocyte integrin expression changes in
response to changes in their microenvironment. Porcine
articular chondrocytes were encapsulated in alginate beads
with several ECMs (collagen type I, collagen type II and
fibronectin) for 7 days, subjected to RT-PCR, western blot
analysis and immunofluorescence staining. It was found that
chondrocytes in different ECMs showed different patterns of
integrin expression. Integrin @5 and B1 were strongly ex-
pressed in all groups, but integrin ¢ 1 was strongly expressed
only in collagen type I and fibronectin conjugated alginate
beads, and integrin @2 was strongly expressed only in
collagen type II conjugated alginate beads. These findings
suggest that the addition of different ECMs to chondrocytes
can modulate the patterns and levels of integrin expression
possibly through a feedback mechanism. These finding suggest
that the modulation of ECM interactions may play a critical
role in the pathogenesis of osteoarthritis.
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INTRODUCTION

Normal articular cartilage is composed of chon-
drocytes, which are embedded within an extracel-
lular matrix that consists primarily of collagen
type II, aggrecan, and hyaluronic acid. In addi-
tion, the following proteins are present to a much
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lesser extent; collagen types VI, IX and XI, carti-
lage oligomeric matrix protein (COMP), throm-
bospondin, fibromodulin, decorin, and big-
chan.l’2 The unique expressions and organization
of these macromolecules within the articular carti-
lage endows the tissue with exceptional compres-
sive strength, resilience, and mechanical dura-
bility. The stability of the chondrocyte phenotype
is determined by cell shape and cytoskeletal archi-
tecture, and the extracellular matrix (ECM), in
turn, plays a key role in controlling these cellular
characteristics. Culture conditions that allow
chondrocytes to form a peri-cellular matrix pro-
mote the expression of cartilage-specific gene pro-
ducts, and thereby support the cartilage pheno-
type. However, culture conditions that induce cell
spreading and the formation of focal contacts and
stress fibers result in the loss of peri-cellular
matrix, rearrangement of the actin cytoskeleton,
and alteration of the collagen expression pattern.
The mechanism by which the ECM controls
chondrocyte phenotypic expression is unclear.
Specific studies that have attempted to define the
regulatory role of the interaction between chon-
drocyte and the matrix are few. Ramdi, et al’
examined the influence of collagen type I, collagen
type IV and fibronectin on alginate-embedded
rabbit chondrocytes. When cultivated in beads,
entrapped cells maintained their differentiated
phenotype over time; and the rates of proteogly-
can quantity were similar to those of primary
chondrocytes. Beekman, et al.* found that via an
integrin-mediated mechanism, extracellular colla-
gen down-regulated collagen synthesis in a nega-
tive-feedback manner. The integrin family of cell
surface receptors appears to play a major role in
the mediation of the cell-lECM interactions asso-

Yonsei Med J Vol. 44, No. 3, 2003



494 Sung Jae Kim, et al.

ciated with structural and functional changes in
surrounding tissues.” The integrins are hetero-
dimeric glycoproteins that are composed of an «
and a A subunit, each of which has extracellular
and cytoplasmic domains. These extracellular do-
mains bind to a number of ECM proteins, in-
cluding collagen types II and VI, fibronectin, and
matrix Gla protein. Patterns of integrin expression
determine the adhesive properties of cells by
modulating their interactions with specific ECM
proteins. In studies of the integrin-mediated at-
tachment of chondrocytes to ECM proteins, it has
been observed that the adhesiveness of chondro-
cytes increases when the cells are maintained in
monolayer culture prior to use in attachment
assays.’ These results suggest that chondrocyte-
ECM adhesive interactions can be regulated by
changes in integrin expression or function. Several
recent studies have provided evidence that arti-
cular chondrocytes express integrins.”"” Salter, et
al." used immunohistochemical staining in nor-
mal adult human articular cartilage, and noted
that the integrin 581 was the most prominently
expressed chondrocyte integrin. In contrast, the
expressions of the integrin @1 and A3 subunits
were weak and variable. A more recent study
demonstrated that the chondrocyte expressions of
integrin @181, 581, and avB5 were accom-
panied by the weak expressions of integrin a3 81
and avB3." Although the amount of information
regarding the role of the integrins as mediators of
chondrocyte regulation has increased, little is
known about the nature of the communication
between chondrocytes and the extracellular ma-
trix. In this study, we hypothesized that chon-
drocyte integrin expression changes in response to
their microenvironment. To test this hypothesis,
we examined integrin expressions, known to
involve chondrocyte-ECM interactions under dif-
ferent culture conditions with or without several
ECM.

MATERIALS AND METHODS
Materials

Integrin @1, a2, a5 and A1 antibodies were
purchased from Chemicon (Chemicon, Temecula,
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CA, USA). Tissue culture reagents, including Dul-
becco’s modified Eagle medium (DMEM), peni-
cillin-streptomycin, and HEPES, were obtained
from GIBCO (GIBCO BRL, Grand Island, NY,
USA). Collagenase type II and hyaluronidase were
purchased from Worthington (Worthington Bio-
chemical Corporation, Lakewood, NJ, USA).
Collagen type II was purchased from Chondrex
(Chondrex, Seattle, WA, USA) and fibronectin
from GIBCO. Low viscosity alginate, collagen type
I and other general chemical reagents were pur-
chased from Sigma (Sigma, St. Louis, MO, USA).

Cell culture

Articular cartilage was obtained from the knee
joints of pigs slaughtered at a local abattoir.
Cartilages were shaved from the articular surface
under sterile conditions, and finely minced and
washed several times in phosphate-buffered saline
(PBS). The tissue was then incubated at 37°C for
4h in DMEM-high glucose (DMEM-HG) con-
taining 0.1% collagenase and 0.065% hyaluroni-
dase. The digested material was filtered through
nylon filters (100#m pore size), and the resulting
cell suspension centrifuged at 13000 rpm for 10
min. The pellet obtained was washed several
times by re-suspending it in DMEM-HG con-
taining 10% fetal bovine serum (FBS) and centri-
fugation. Chondrocytes were encapsulated in
alginate beads immediately after isolation, ac-
cording to the method of Hauselmann, et al.”
Briefly, 2 x 10° cells/ml were suspended in three
4 mg/ml ECMs (collagen type I, collagen type II
and fibronectin) and encapsulated in 1.2% (w/v)
alginate. The cell suspension was passed drop-
wise through a 19-gauge needle into a 6-well plate
containing 102 mM CaCl; solution (80 beads per
flask, with each bead containing an average num-
ber of 2.5 x 10* cells). After being polymerized for
5 min, the beads were washed three times with
normal saline, once with DMEM-HG and finally
they were cultured in DMEM-HG containing 10%
FBS for 7 days.

Semi-quantitative reverse transcription-
polymerase chain reaction

To evaluate changes in integrin expression,



The Modulation of Integrin Expression by the Extracellular Matrix in Articular Chondrocytes 495

semi-quantitative reverse-transcription polymer-
ase chain reactions (RT-PCR) were performed, as
previously described.” Total RNA was isolated
from chondrocytes using a RNeasy kit (Qiagen,
Valencia, CA, USA), and quantitated by spectro-
photometry. The primer sets used for the integrins
and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were derived from sequences from
GeneBank, and are detailed in Table 1. Total RNA
was reverse-transcribed using an Omniscript kit
(Qiagen). Aliquots (2ul) of the resulting cDNA
were amplified in a total volume of 50l con-
taining PCR buffer, 0.2M d-nucleoside triphos-
phate mixture, 1.5 mM MgCl, 0.5M of each pri-
mer, and 1U of Taq DNA polymerase (Qiagen).
Each of the PCR products was analyzed by
separating the amplicon in a 1.5% agarose gel at
60 V/cm in Tris-Borate-EDTA bulffer, and this was
followed by staining with ethidium bromide. The
photographs obtained were quantitated using a
densitometer.

Western blot analysis
Integrin expressions under different ECM con-

ditions were confirmed at the protein level by
Western blot. Cell extracts were prepared by ad-

Table 1. List of Integrin Primers

ding lysis buffer containing 10 mM Tris-HCI, 5
mM EDTA, 150 mM NaCl, 30 mM sodium pyro-
phosphate, 50 mM NaF, 10% glycerol and a cock-
tail of protease inhibitors (Sigma). Lysates were
clarified by centrifugation at 12,000 g for 10 min at
4C and the protein contents of supernatants were
determined using a modified Bradford assay.
Diluted 50 #g protein samples were loaded onto a
4% stacking gel and a 6% polyacrylamide mini-gel
and electrophoresed in SDS running buffer at 60-
80V for approximately 2 - 3 h. The proteins were
electrophoretically transferred onto a Hybond-P
membrane (Amersham Pharmacia, Piscataway,
NJ, USA) in a1 x Transfer buffer at 50 mA over-
night. Membranes were blocked with 5% skim-
med milk and TBS (50mM Tris HCl, 150 mM
NaCl) containing 0.1% Tween (TBST) at room
temperature for 1h. Primary antibodies (integrin
al, a2, a5, and A1) were diluted 1/3000 in TBST
and incubated with the membranes overnight.
After washing three times with TBST, the mem-
branes were incubated for 1h with the appropri-
ate horseradish peroxidase (IHRP)-conjugated se-
condary antibody (Amersham Pharmacia). After
washing the membranes three times in TBST,
signals were visualized using ECL detection re-
agents (Amersham Pharmacia) for 5 minutes and

Primer Sequences Length Size (bp) cycle
Bovine 5 CAC TCA AAT CCA GCC ACA GCA GC 3 23 464 26
Integrin 81 3 CAA CCA CCT TAC ACT GTG CCG AC ¥ 23
Human 5 GTIT CCC AGT GAG TGA GGC CCG AGT A % 25 419 34
Integrin 83 3 GCG ATT GAC TGG TCC ACT GGG CGA A Y 25
Human 5 GCT TAT TGG TTC GTIT AGT TGG C 3’ 22 461 30
Integrin a1 3 TTT TGC ACT GGG TAC TCA AGT TGG A & 25
Bovine 5 TCA GAA GTC TGT TAC CTG CAA TGT G 3 25 361 34
Integrin @2 ¥ TAG GIG TAG GGA GIT ATG TGG TIT C & 25
Bovine 5 ACC GGC TGC AAA GAC GGA TGT TCC T ¥ 25 204 23
Integrin b 3 TCA CCT AGT TCC GIC TTC CGT CGG T & 25
Human 5 TTG GAG CAT CTG TGA GGT CGA AAC ¥ 24 39 30
Integrin eV 3 CAC CGA CAG CCT CTA AAG TTA CCA ¥ 24
Human 5 ACC ACA GTC CAT GCC ATC AC ¥ 20 450 24
GAPDH 3 ATG TCG TTG TCC CAC CAC CT & 20
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exposed to radiographic film for 1 to 10 minutes.
Immunofluorescence staining

Cultured beads were fixated in p-formaldehyde
and embedded in paraffin. After deparaffiniza-
tion, the sections (Sum) were fixed in cold
methanol for 15 min, and rinsed in PPBS. Sections
were then incubated with the primary antibodies
(integrin a1, @2, a5, and A1), diluted 1/100 for
5h at room temperature. Sections were incubated
with the goat-anti-rabbit immunoglobulin conju-
gated with FITC (Santa Cruz, Santa Cruz, CA,
USA) (diluted 1:80) and PI (Santa Cruz) (diluted
1:500) for 1h at room temperature. Finally, the
sections were rinsed, air-dried and examined
under a confocal microscope.

Statistical analysis

Sample quantities are expressed as means and
standard deviations for three experiments, each
performed in triplicate. Statistical significance was
determined by multiple comparison tests, and
accepted when p<0.05.

RESULTS

Expression of the integrin a1, a2, a5, av, 81
and B3 subunits by RT-PCR

It was found that the addition of ECM to chon-
drocytes changed their pattern of integrin expres-
sion. By RT-PCR, all samples were founded to
express the integrin al, a5 aev and A1 subunit
mRNAs, but not to express the integrin @2 and
B3 subunits. In fresh culture, the integrins were
more strongly expressed than integrin expression
in monolayer culture. When chondrocytes were
cultured in alginate beads, the pattern of integrin
expression was maintained with time. However,
the magnitudes of the integrin expressions were
altered, as the integrin @5 av and A1 subunits
were more strongly expressed, but the a1 subunit
was found to be expressed very weakly under all
conditions. Integrin @1 was shown in alginate
bead culture at day 4, but disappeared at day 7
(Fig. 1). Experiments were repeated three times
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and results were expressed as mean values *
standard deviation.

Western blot analysis of the integrin a1, a2, a5
and A1 subunits in porcine articular chondrocytes

By western blot analysis, the integrin @5 and a1
subunits expressed strongly and showed minimal
change with time under all culture conditions.
Integrin a1 was expressed to a lesser extent in
fresh and monolayer cultures compared to algin-
ate bead culture regardless of time. Integrin a1
was strongly expressed in alginate bead culture
compared with monolayer culture, regardless of
the presence of ECM, and integrin a2 expression
increased with time in collagen type II conjugated
alginate beads, while the levels of control proteins
for GAPDH and other integrins did not. Integrin
@2 expression decreased with time in collagen
type I and fibronectin conjugated alginate beads
and in monolayer culture (Fig. 2). Experiments
were performed in triplicate and results are ex-
pressed as mean values + standard deviation.

Immunofluorescence localization of integrin al,
a2, a5 and A1 subunits in porcine articular
chondrocytes

To confirm the presence of integrins, paraffin
sectioned alginate beads were stained with in-
tegrin al, @2, @5 and A1 antibodies. Sections were
visualized under the confocal microscope; FITC-
labeled cytoplasm appeared green and Pl-labeled
nuclei as red images (Fig. 3). Integrin a5 and A1
antibodies stained strongly in all alginate bead
sections, regardless of time. No sample stained
positively for integrin a1, except collagen type 1
and fibronectin conjugated alginate bead sections.
Integrin @2 was also absent in alginate bead sec-
tions, except collagen type II conjugated alginate
bead sections. FITC-labeled integrin a2 expression
was detected with time in collagen type II con-
jugated alginate bead sections.

DISCUSSION

The coupling of chondrocytes with their micro-
environment is necessary to give the cells ability



The Modulation of Integrin Expression by the Extracellular Matrix in Articular Chondrocytes 497

A GAPDH a1 a5 av B1 B GAPDH a1 a5 av B1
Moo -y ——
No ECM 4 No ECM 7 | ———

Collagen I 4

Collagen II 4

il W Fresh s [,
y ¥ -
% B Miann 4 ; B Mumn T
B ONe ECM 4 & ? B Ne ECM 7
= v
§ oz @ Colbagen 1 4 € 2 B Cnllagem 17
H
3 ' | : -
= B Colingen 01 4 = B ol g 11
1| 1F g
O Fibsis el & B Hbromeciln 7

Tniegring Inigrizs

Fig. 1. Results of semi-quantitative RT-PCR of integrin expression in porcine articular chondrocytes. (A) With use of the
primers identified in Table 1, RT-PCR analysis of RNA from freshly isolated chondrocytes and chondrocytes cultured in
different conditions was performed. Culture conditions were: freshly isolated chondrocytes (Fresh), monolayer cultured
chondrocytes for 4 days (Mono 4), chondrocytes cultured in alginate beads without extracellular matrices for 4 days (No
ECM 4), and chondrocytes cultured in alginate beads in the presence of type-I collagen (Collagen I 4), type II collagen
(Collagen II 4) and fibronectin (Fibronectin 4) for 4 days. Densitometric analysis of integrin expression in triplicate. Results
are mean * standard deviation. (B) With use of the primers identified in Table 1, RT-PCR analysis of RNA from freshly
isolated chondrocytes and chondrocytes cultured in different conditions was performed. Culture conditions were: freshly
isolated chondrocytes (Fresh), Monolayer cultured chondrocytes for 7 days (Mono 7), chondrocytes cultured in alginate
beads without extracellular matrices for 7 days (No ECM 7), and chondrocytes cultured in alginate beads in the presence
of type-I collagen (Collagen I 7), type II collagen (Collagen II 7) and fibronectin (Fibronectin 7) for 7 days. Densitometric

analysis of integrin expression in triplicate. Results are mean * standard deviation.

to respond to external changes and to maintain
the tissue composition and the mechanical pro-
perties of the articular cartilage. Chondrocytes
receive information from the external environ-
ment via three potential sources: mechanical
signals, soluble mediators, and interactions with
the ECM.

Chondrocyte attachment to the ECM appears to
be mediated by integrins, and the binding of ECM
ligands to integrins can induce cellular responses.
After binding to the ECM, integrins bind to cyto-
skeletal elements and promote cytoskeletal reor-
ganization. Moreover, cytoskeletal alterations in
response to a specific integrin-ligand combination
may result in increased or decreased gene expres-
sion.” To elucidate the nature of the interaction
between the ECM and the integrins, we investi-
gated the integrin expressions of chondrocytes

after they had been cultured under the following
conditions: freshly isolated, and monolayer, algin-
ate gel including collagen type I, collagen type II
or fibronectin cultured. By RT-PCR, porcine arti-
cular chondrocytes were found to express integrin
al, a5 av and B1 subunits but integrin a2 was
not detected. There are two explanations for this.
One is that the sequence of porcine integrin a2
differs from the bovine or human sequence,
because we used sequence of bovine or human
integrin. The other is that porcine chondrocytes
do not express integrin 2. Since we could detect
integrin @2 expression by western blot analysis,
we could reason that integrin @2 was not detected
due to difference of species-specific sequence. By
western blot analysis and immunofluorescence
staining, integrin a1 was stained strongly in col-
lagen type I and fibronectin conjugated alginate
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Fig. 2. Western blot analysis of the integrin @1, @2, @5 and A1 subunits in porcine chondrocytes cultured under different
conditions. (A) Western blot analysis of protein from freshly isolated chondrocytes and chondrocytes cultured in different
conditions was performed. Culture conditions were: freshly isolated chondrocytes (Fresh), monolayer cultured
chondrocytes for 4 days (Mono 4), chondrocytes cultured in alginate beads without extracellular matrices for 4 days (No
ECM 4), and chondrocytes cultured in alginate beads in the presence of type-I collagen (Collagen I 4), type II collagen
(Collagen II 4) and fibronectin (Fibronectin 4) for 4 days. Densitometric analysis of porcine chondrocytes integrin subunits
cultured in different conditions. Results are mean + standard deviation. (B) Western blot analysis of protein from freshly
isolated chondrocytes and chondrocytes cultured in different conditions was performed. Culture conditions were: freshly
isolated chondrocytes (Fresh), monolayer cultured chondrocytes for 7 days (Mono 7), chondrocytes cultured in alginate
beads without extracellular matrices for 7 days (No ECM 7), and chondrocytes cultured in alginate beads in the presence
of type-I collagen (Collagen I 7), type II collagen (Collagen II 7) and fibronectin (Fibronectin 7) for 7 days. Densitometric
analysis of porcine chondrocytes integrin subunits cultured in different conditions. Results are mean * standard deviation.

bead sections, and integrin @2 was stained in
collagen type II conjugated alginate bead sections.
Scully, et al.” noted that the presence of collagen
type II in the alginate bead cultures diminishing
integrin @2 mRNA expression using RT-PCR in
bovine articular cartilage, and altered the cellular
distribution pattern of the integrin 81 receptors.
In our study, we could not detect the a2 mRNA
expression, but it was increased in the protein
level in collagen type II conjugated alginate bead.
Loeser, et al.’® found that adult human articular
chondrocytes expressed integrin @181 but not
integrin @241, while human fetal articular chon-
drocytes, human chondrosarcoma cell lines, and
bovine calf chondrocytes expressed integrin @241
and little or no integrin @181. So, this discrepancy
may depend on differences of species, antibody
specificities, or the detection techniques used.

It is likely that integrin @241 has an important
function in signal mediation between the chondro-
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cytes and the cartilage matrix. Integrin @241 is a
more dynamic integrin, which is upregulated
during changes in cell-matrix interactions, such as,
during matrix turnover, remodeling, or mechani-
cal stress.””” Tt has also been shown that the
integrin @281 subunit is upregulated in fibro-
blasts in contracting collagen gels,” that is during
the reorganization of the collagen matrix. This
supports the idea that integrin @241 can respond
to changes in the extracellular matrix. The activa-
tion of integrin @281 expression could be a
repair response, and the newly expressed integrin
@2p1 could recognize the formation of a new
peri-cellular matrix around isolated chondrocytes,
rather than mediating chondrocyte-collagen in-
teractions in the tissue.” In this particular study,
integrin @5 and A1 subunits were found to be
strongly expressed and to show minimal change
with time under all culture conditions. The
presence of the integrin @5 and A1 subunits of
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Fig. 3. Immunofluorescence-microscopic demonstration of the integrin @1, @2, 5 and A1 subunits in alginate bead
culture. These images are the result of the simultaneous acquisition of FITC-labeled cytoplasm (green) and the PI-labeled
nuclei (red) acquired using a confocal microscope (X 1600). (A) Culture conditions were: chondrocytes cultured in alginate
beads without extracellular matrices for 4 days (No ECM 4), and chondrocytes cultured in alginate beads in the presence
of type-I collagen (Collagen I 4), type II collagen (Collagen IT 4) and fibronectin (Fibronectin 4) for 4 days. (B) Culture
conditions were: chondrocytes cultured in alginate beads without extracellular matrices for 7 days (No ECM 7), and
chondrocytes cultured in alginate beads in the presence of type-I collagen (Collagen I 7), type II collagen (Collagen II 7)
and fibronectin (Fibronectin 7) for 7 days.
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articular chondrocytes suggests that interactions
between chondrocytes and fibronectin might be
important in vitro. Fibronectin has a known num-
ber of effects on cultured chondrocytes, namely,
they stimulate attachment and spreading, and
alter the morphology and inhibit the synthesis of
collagen types I and II. Durr, et al.** reported that
bovine articular cartilage chondrocytes adhere to
fibronectin-coated plastic with a higher avidity
than they do to albumin-coated plates. In addi-
tion, this attachment was found to be inhibited by
competition with an RGD-containing peptide,
suggesting the need for an RGD sequence binding
interaction, which characterizes the binding of
integrin @581 to fibronectin. These findings are
corroborated by the report of Iwamoto, et al.”
which found that chondrocytes initially attach to
either collagen type I or collagen type II indepen-
dently of integrin @581, but after 2-3 days in
monolayer culture, the attachment was found to
be dependent on a581. Accordingly, these find-
ings speculated that initial adhesion occurred
through annexin V or some other adhesion mole-
cules, and with increasing time and dedifferen-
tiation in culture became dependent on fibronec-
tin-binding integrin. In other words, this type of
adhesion may be mediated by a matrix-to-matrix
attachment (collagen to fibronectin) by endogen-
ously produced fibronectin rather than by an in-
teraction between receptors and the matrix.
Homandberg, et al.” claimed that fibronectin frag-
ments (Fn-fs) enhance levels of catabolic cyto-
kines as in osteoarthritis, and thus, potentially are
earlier damage mediators than catabolic cytokines.
Fn-fs up-regulate matrix metalloproteinase (MMP)
expression, significantly enhance degradation and
the loss of proteoglycan (PG) from cartilage and
temporarily suppress PG synthesis, which are all
events observed in osteoarthritis.

The current study represents a first attempt to
examine the interaction between the ECM and the
integrins of porcine chondrocytes. In this study,
we found that integrins @1 and a2 were the most
sensitively involved receptors in chondrocyte-
ECM interactions in vitro. In addition, we rea-
soned that integrin expression could be influenced
by the disease state, the age of cartilage, as well
as by culture conditions. The further elucidation
of these local regulatory mechanisms may contri-

Yonsei Med J Vol 44, No. 3, 2003

bute to a better understanding of the pathogenesis
of articular cartilage diseases. Moreover, a com-
prehensive understanding of chondrocyte regula-
tion may enable the manipulation of the chondro-
cyte reparative function, perhaps through both
soluble and matrix components, to promote intr-
insic repair of diseased articular cartilage.

REFERENCES

1. Poole AR, Kojima T, Yasuda T, Mwale F, Kobayashi M,
Laverty S. Composition and structure of articular car-
tilage: a template for tissue repair. Clin Orthop 2001;
391 Suppl:S26-33.

2. Mow VC, Wang CC, Hung CT. The extracellular
matrix, interstitial fluid and ions as a mechanical
signal transducer in articular cartilage. Osteoarthritis
Cartilage 1999;7:41-58.

3. Ramdi H, Legay C, Lievremont M. Influence of
matricial molecules on growth and differentiation of
entrapped chondrocytes. Exp Cell Res 1993,207:449-54.

4. Beekman B, Verzijl N, Bank RA, von der Mark K,
TeKoppele JM. Synthesis of collagen by bovine chon-
drocytes cultured in alginate; posttranslational modi-
fications and cell-matrix interaction. Exp Cell Res 1997;
237:135-41.

5. Loeser RF, Carlson CS, McGee MP. Expression of 81
integring by cultured articular chondrocytes and in
osteoarthritic cartilage. Exp Cell Res 1995;217:248-57.

6. Mok SS, Masuda K, Hauselmann HJ, Aydelotte MB,
Thonar EJ. Aggrecan synthesized by mature bovine
chondrocytes suspended in alginate. Identification of
two distinct metabolic matrix pools. J Biol Chem 1994;
269:33021-7.

7. Hering TM. Regulation of chondrocyte gene expres-
sion. Front Biosci 1999;4:D743-61.

8. Hynes RO. Integrins: versatility, modulation, and sig-
naling in cell adhesion. Cell 1992;69:11-25.

9. Giancotti FG, Ruoslahti E. Integrin signaling. Science
1999,285:1028-31.

10. Albelda SM, Buck CA. Integrins and other cell adhesion
molecules. FASEB ] 1990,;4:2868-80.

11. Salter D, Hughes DE, Simpson R. Integrin expression
by human articular chondrocytes. Br ] Rheumatol 1992;
31:2314.

12. Lee JW, Qi WN, Scully SP. The involvement of A1
integrin in the modulation by collagen of chondrocyte-
response to transforming growth factor-81. ] Orthop
Res 2002;20:66-75.

13. Hauselmann HJ, Aydelotte MB, Schumacher BL,
Kuettner KE, Gitelis SH, Thonar EJ. Synthesis and turn-
over of proteoglycans by human and bovine adult arti-
cular chondrocytes cultured in alginate beads. Matrix
1992;12:116-29.

14. Sciore P, Boykiw R, Hart DA. Semi-quantitative reverse



15.

16.

17.

18.

19.

20.

The Modulation of Integrin Expression by the Extracellular Matrix in Articular Chondrocytes

transcription-polymerase chain reaction analysis of
mRNA for growth factors and growth factor receptors
from normal and healing rabbit medial collateral
ligament tissue. J Orthop Res 1998;164:429-37.

Scully SP, Lee JW, Ghert MA, Qi W. The role of extra-
cellular matrix in articular chondrocyte regulation. Clin
Orthop 2001,;391 Suppl:572-89.

Loeser RF, Sadiev S, Tan L, Goldring MB. Integrin
expression by primary and immortalized human chon-
drocytes : evidence of a differential role for 181 and
@2 f1 integrins in mediating chondrocyte adhesion to
type I and VI collagen. Osteoarthritis Cartilage 2000;
8:96-105.

Dedhar S, Ruoslahti E, Pierschbacher MD. A cell sur-
face receptor complex for collagen type I recognizes the
Arg-Gly-Asp sequence. ] Cell Biol 1987;104:585-93.
Kirsch T, Pfaffle M. Selective binding of anchorin CII
(annexin V) to type II and X collagen and to chon-
drocalcin. FEBS Lett 1992;310:143-7.

Iwamoto ME, Iwamoto M, Nakashima K, Mukudai Y,
Boettiger D, Pacifici M, et al. Involvement of e¢581
integrin in matrix interactions and proliferation of
chondrocytes. ] Bone Miner Res 1997;12:1124-32.
Durr ], Goodman S, Potocnik A, von der Mark H, von

21.

22.

23.

24.

25.

501

der Mark K. Localization of A1l-integrins in human
cartilage and their role in chondrocyte adhesion to col-
lagen and fibronectin. Exp Cell Res 1993;207:235-44.
Holmvall K, Camper L, Johansson S, Rubin K, Kimura
JH, Lundgren E. Chondrocyte and chondrosarcoma cell
integrins with affinity for collagen type II and their
response to mechanical stress. Exp Cell Res 1995;221:
496-503.

Klein CE, Dressel D, Steinmayer T, Mauch C, Eckes B,
Krieg T, et al. Integrin @281 is upregulated in fibro-
blasts and highly aggressive melanoma cells in three-
dimensional collagen lattices and mediates the reor-
ganization of collagen I fibrils. J Cell Biol 1991;115:1427-
36.

Knudson W, Loeser RF. CD44 and integrin matrix
receptors participate in cartilage homeostasis. Cell Mol
Life Sci 2002;,59:36-44.

Durr ], Goodman S, Potocnik A, von der Mark H, von
der Mark K. Localization of A1l-integrins in human
cartilage and their role in chondrocyte adhesion to
collagen and fibronectin. Exp Cell Res 1993,207:235-44.
Homandberg GA. Potential regulation of cartilage
metabolism in osteoarthritis by fibronectin fragments.
Front Biosci 1999;4:D713-30.

Yonsei Med J Vol. 44, No. 3, 2003



