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Abstract

Chondrocytes have been shown to express both in vivo and in vitro a number of integrins of the betal-, beta3- and beta5-subfamilies
(Biorheology 37 (2000) 109). Normal and v-Src-transformed chick epiphyseal chondrocytes (CEC) display different adhesion properties.
While normal CEC with timein culture tends to increase their adhesion to the substrate by organizing focal adhesions and actin stressfibers,
v-Sre-transformed chondrocytes display arefractile morphology and disorgani zation of actin cytoskel eton. We wondered whether the reduced
adhesion and spreading of v-Src-transformed chondrocytes could be ascribed to changes in integrin expression and/or function. Integrin
expression by normal CEC is studied and compared to v-Src-transformed chick chondrocytes, using monoclonal and polyclonal antibodiesto
integrins alpha- and beta-chains. We show the presence of alphal-, alpha3-, alphav-, alpha6-, betal- and beta3-chains on CEC, with very low
levels of alpha2- and alpha5-chains. Alphav chain associates with multiple beta subunits in normal and transformed chondrocytes. With the
exception of alphal- and alpha2-chains, the levels of the integrin chains analyzed are higher in transformed chondrocytes as compared with
normal chondrocytes. In spite of the increased levels of integrin expression, transformed chondrocytes exhibit |oss of focal adhesion and actin
stress fibers and low adhesion activity on several extracellular matrix constituents. These observations raise the possibility that, in addition to
its effects on global pattern of integrin expression, v-Src can influence integrin function in chondrocytes.

© 2003 Editions scientifiques et médicales Elsevier SAS and Société francaise de biochimie et biologie moléculaire. All rights reserved.

Keywords: Cell adhesion; Integrins; v-Src; Cell transformation

1. Introduction

The transforming protein of RSV, v-Src, is a cytoplasmic
tyrosine kinase with congtitutive activity [2-5] v-Src-
transformed cells exhibit several properties related to cell
adhesion, including morphological changes, loss of anchor-
age dependent growth, reduction in number and size of focal
adhesions, and decreased synthesis and deposition of extra-
cellular matrix (ECM)

Abbreviations: CEC, chicken epiphyseal chondrocytes; CEF, chicken
embryo fibroblasts; SR RSV A, Rous sarcoma virus, Schmidt—Ruppin
strain, subgroupA; CEC-RSV, CEC transformed with awt v-Src kinase; FN,
fibronectin.

* Corresponding author. Tel.: +39-81-746-3158; fax: +39-81-746-3150.

E-mail address: gionti@dbbm.uninait (E. Gionti).

Cell transformation by v-Srcis mediated by the activation
of multiple signaling pathways, including the phosphatidyli-
nositol 3-kinase (PI3-kinase)/Akt and Ras/mitogen-activated
protein (MAP) kinase par[hways However, it is till
unclear how the activation of these signaling pathways in-
duces the extensive morphological cellular transformation,
i.e. the reduction in number and size of focal adhesions and
actin stress fibers, and the change from a well spread to an
elongated spindle-shaped morphology, or even complete
rounding and detachment. Regulation by v-Src of the Rho
family of small GTPases, which control cytoskeletal organi-
zation, has been linked to morphological transformation
. Recently, it has been shown that the activation of
MEK isrequired for the morphological changes and reorga-
nization of the actin cytoskeleton induced by v-Src expres-
sionin rat fibroblasts The v-Src oncoprotein is translo-
cated to integrin-linked focal adhesions, where its tyrosine

© 2003 Editions scientifiques et médicales Elsevier SAS and Société frangaise de biochimie et biologie moléculaire. All rights reserved.
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kinase induces adhesion disruption and cell transformation
v-Src causes extensive tyrosine phosphorylation of
focal adhesions components, including the betal integrin
subunit, talin, paxillin, Src and FAK Phosphory-
lated betal integrins interact less well with fibronectin via
integrin extracellular domain or with talin via intracellular
domain The phosphorylated integrin is located in
podosomes [[25]} the dot-shaped spots where transformed
cells adhere transiently to their matrix [26-30], to which
several other focal adhesion components, including talin, are
also redistributed upon transformation|[ 31]|.

Integrins, aclass of ECM receptors that transduce signals
for cell growth, migration and differentiation, often display
altered expression, function and localization in transformed
cel I Integrins are heterodimeric (one alphaand one
beta subunit) transmembrane glycoproteins consisting of
large globular extracellular domains that bind to specific
ECM proteins and short cytoplasmic domains interacting
with cytoskeletal proteins and signaling proteins inside the
cell . Chondrocytes are the only cell type present in
cartilage and are surrounded by an abundant ECM consisting
of several types of collagens (predominately typesll, I1X, XI,
V1), proteoglycans and various glycoprotein Chondro-
cytes have been shown to express both in vitro and in situ a
number of integrins of the betal, beta3 and beta5 familied[ 1]}
but the functional roles of chondrocyteintegrinsin normal or
diseased cartilage have only recently come under study
for reviews see Refs.. Primary cultures of
embryonic chondrocytes have been widely used to study the
regulation of chondrocytefunctions. Initially isolated ascells
growing in suspension, primary chick epiphyseal chondro-

tes (CEC) attach and assume the typical polygonal shape
With time in culture, monolayer chondrocytes spread
out, assume a fibroblastic shape and dedifferentiate [44]]
Dedifferentiation of chondrocytes occurring upon cell shape
changes is associated with focal adhesion and stress fiber
organization|[27,45]

Upon transformation induced by RSV, polygona CEC
elongate and acquire a spindle-shaped morphology
We have shown that the transformation of CEC by v-Src
causes the disruption of the organized actin cytoskeleton and
cellular focal adhesions and induces the formation of podo-
somes|[27,47]]

Here, we report on the expression of integrins in normal
and RSV-transformed chondrocytes. We performed this
study using also NA101, a chondrocyte derived line that
stably expresses v-Src

Normal and transformed chondrocytes display different
adhesion properties. While normal chondrocytes tend to in-
crease their adhesion to the substrate by organizing focal
adhesions and actin stress fibers v-Src-transformed
chondrocytes display a refractile morphology, loss of focal
adhesions and stressfi bers We wondered whether
a low integrin expression was associated with the reduced
adhesion and spreading of transformed chondrocytes. We
found instead that, with the exception of alphal- and alpha2-

chains, the integrin chains analyzed are expressed in greater
amounts in RSV-transformed chondrocytes as compared
with the levels expressed by control CEC. Although v-Src
promotes increased integrin expression in chondrocytes, the
overall consegquences of v-Src transformation are the loss of
focal adhesions and actin stress fibers, leading to decreased
attachment to several ECM proteins.

2. Materials and methods
2.1. Cell cultures

Embryonated chicken eggs (white Leghorn) were ob-
tained from Lohmann Tierzucht GmbH, Cuxhaven, Ger-
many. Chicken embryo fibroblasts—CEF—were grown in
Eagle’'s MEM plus 4% calf serum, 1% chicken serum, 10%
Triptose phosphate broth.

Primary epiphyseal chondrocytes were isolated from day
10 chicken embryo tibiae as previously described with
the following modifications. Tibiae wereincubated for 1 hin
a saline containing trypsine/collagenase, and the cells re-
|eased after this incubation were discarded as they consisted
mainly of perichondrial cells. Epiphysis were dissected,
minced and incubated at 37 °C in fresh enzyme mixture; cells
released by sequential enzymatic digestion from about
50 embryos were pooled and seeded at a low initia cell
density (2000 cells'cm?) in Coon’s modified F12 medium
supplemented with 10% fetal calf serum. Floating cellswere
routinely collected and propagated once aweek. The expres-
sion of the differentiated phenotype was monitored by ana-
lyzing the cell shape and the [*H]-labeled collagens.

Primary chick epiphyseal chondrocytes could grow either
in suspension or in monolayer and express the cartilage
phenotypic traits. Monolayer chondrocytes were studied as
the normal counterparts of the transformed chondrocytes and
used in the infection experiments. Viral infections were per-
formed as previously reported with a clona isolate of
Schmidt-Ruppin strain of RSV (SR RSV A)[[43]]

2.2. Antibodies and reagents

Polyclonal antibodies against the cytoplasmic domain of
betalA and betab integrin subunits were generated as previ-
oudy described polyclonal antibodies directed
against the cytoplasmic domain of alphal-, apha3- and
chicken alphav-subunits were previously described
polyclonal antibodies directed against the cytoplasmic do-
main of chicken al phaZ- and d pha3-subunits were
generously provided by Dr. Reichardt.

The monoclonal antibodies B3D6 anti-chicken fibronec-
tin D71E2 anti-chicken alphab integrin subunit
JLAZ20 anti-chicken acti nwere obtained from the Devel -
opmental Studies Hybridoma Bank maintained by the De-
partment of Biology, University of lowa (lowa City, |A).

The monoclonal antibody directed against the extracellu-
lar domain of chicken betal integrin, W1B10, was purchased
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from Sigmal[58]} The monoclonal antibody directed against
the extracellular domain of the human and chicken beta3-
chain was purchased from Transduction Laboratories (Not-
tingham, United Kingdom). The monoclonal antibodies di-
rected against chicken alphaé-subunit[[58]] chicken alphav,
Chav-1,[59]) against the al phav-beta3 receptor, LM609[[60]
and against aphavbetas[[61]] were purchased from Chemi-
con (Temecula, CA).

HRP-conjugated secondary antibodies, protein A- and
protein G-agarose, and the ECL reagent were all from Santa
Cruz Biotech (Santa Cruz, CA). Laminin, fibronectin and
vitronectin were al obtained from Beckton Dickinson
(Mountain View, CA). Collagen type I, collagen type I,
fibrinogen, bovine serum albumin (BSA), fetal calf serum,
molecular weight markers were all from Sigma (St. Louis,
MO).

2.3. Adhesion experiments

Wells of 96-well microtiter plates (Costar/Corning) were
coated with 20 pg/ml of purified fibronectin, laminin, vit-
ronectin, osteopontin, or with 50 pg/ml of collagen types| or
Il by overnight incubation at 4 °C and post-coated with BSA
for 1 hat 37 °C. Fifty thousand cells were placed in wellsin
50 pl of DMEM medium. After 60" at 37 °Cin 5% CO,, wells
were washed with PBS and the number of adherent cells
were determined by assaying for lysosomal N-acetyl-f3-
hexosaminidase activity

2.4. Immunoprecipitation, SDSPAGE, and Immunoblotting

Cellswere washed twice and detergent extracted in alysis
buffer containing 0.5% Triton X-100, 150 mM NaCl, 50 mM
TrisHCI, pH 7.4, 2 mM EDTA, 10 mM sodium orthovana
date, 1 mM phenylmethylsulfonylfluoride, 10 pg/ml leupep-
tin, 0.15 U/ml trypsininhibitory aprotinin, antipain 20 pug/ml,
and 4 pg/ml pepstatin for 20 min at 4 °C and centrifuged at
14,000 x g for 20 min.

Protein concentration was determined in each cell extract
by the Bio-Rad protein assay method. When cell extracts
were analyzed, samples containing equal amounts of pro-
teinswere subjected to 7.5% SDS-PAGE under non-reducing
conditions. Proteins were transferred to nitrocellulose
(Schleicher and Schuell, Dessel, Gerusalem) using a Bio-
Rad semidry apparatus (Munich, Germany) according to the
manufacturer instructions. The blots were incubated over-
night at 4 °C in 5% milk in Tris-buffered saline-Tween 20
(TBS-T: 150 mM NaCl, 20 mM Tris—HClI, pH 7.4, and 0.1%
Tween), washed with TBS-T, and incubated 2 h with the
indicated antibodies in TBS and 2.5% milk. The blots were
washed three times with TBS-T, incubated 1 h with anti-
mouse 1gG peroxidase conjugate or with anti-rabbit 1gG
peroxidase conjugate and washed three times with TBS-T.
The integrin subunits were visualized by the ECL detection
method. Conditions of the development with the chemilumi-
nescent substrate and exposure times were set to obtain a
linear response.

Equal amounts of cell extracts were immunoprecipitated
with the indicated antibodies, and immunocomplexes were
bound to protein A- or protein G-agarose beads and recov-
ered by centrifugation. Immune complexes were washed
with lysisbuffer containing 1% Chaps, once with the 50 mM
Tris-HCl, pH 7.4 containing 0.5 M LiCl and threetimeswith
10 mM Tris-HCl pH 7.4. Bound material was eluted by
boiling beadsin 2% SDS and separated on 7.5% SDS-PAGE
in non-reducing conditions. After electrophoretic transfer,
filters were processed for immunoblot analysis and then
subjected to ECL detection method.

For metabolical labeling experiments, cells were incu-
bated for 1 h in methionine-free F12 medium and then la-
beled for 6 h with 250 uCi/ml of [**S]-methionine (NEN 100
Ci/mmol). After cell extraction as described above, homoge-
nates were incubated for 1 h with the non-immune serum,
then with protein AG-agarose and then centrifuged. Samples
of labeled proteins containing equivalent amounts of cpm
were then incubated overnight with the indicated antibodies
and processed for immunoprecipitations using protein A- or
protein G-agarose. Sampleswere subjected to SDS-PAGE on
6% acrylamide gel sunder non-reducing conditionsfor detec-
tion of protein complexes. After fluorography, gels were
dried and exposed to Hyperfilm films (Amersham, Arlington
Heights, IL).

3. Results

3.1. General characterization of control
and RSV-transformed chondrocytes

Primary embryonic chondrocytes, obtained from chicken
embryo epiphysis (CEC), grow in suspension or in mono-
layer, and express the cartilage collagens Il and IX and the
a,(l) collagen chain. With time in culture chondrocytes
growing in suspension tend to attach and assume the typical
polygonal morphology. Conversion from polygonal to sus-
pension chondrocytes also occurs in young cultures. The
phenotype of chondrocytes growing in monolayer is un-
stable, and the transition from polygonal to a spread fibro-
blastic shape has been observed upon subculture of mono-
layer chondrocytes from many species. Such transition is
accompanied by achangein collagen expression fromtypell
to type | collagen and stimulation of fibronectin synthesis
. Increased adhesion to the substrate of monolayer
chondrocytes depends on cytoskeletal reorganization and
aterations in cell-matrix interactions . Thus, in-
creased adhesion to the substrate of chondrocytes is associ-
ated with phenotypic instability. CEC growing in monolayer
were used in this study as the norma counterparts of the
transformed cells and were used in infection experiments, as
well. To monitor the expression of the differentiated pheno-
type, cell shape and [3H]-labeled collagens were analyzed.

Upon transformation by RSV, CEC(RSV) acquire a
spindle-shaped morphology pp60"~S® blocks the ex-
pression of cartilage ECM proteins and inducesthe synthesis
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of type | collagen along with enhanced fibronectin expres-
sion|[43]] Freshly transformed chondrocytes represent a cell
system that is not easily controllable, because of the differ-
ences between experiments in the number of infected cells
and v-Src levels obtained. Thus we therefore analyzed both
the freshly transformed chondrocytes, CEC(RSV), and the
immortalized NA101 cells derived from RSV-transformed
chondrocyteﬁ Like freshly transformed chondrocytes,
NA101 cells display a spindle-shaped morphology, and are
able to grow in suspension in semisolid medium and in low
serum conditions. In spite of repeated subcloning, it was soon
evident that with time in culture NA101 cells started to
synthesize lower and lower levels of collagen | and fibronec-
tin)[48]} NA101 cells tend to detach from the substrate, and
become round and float in the medium. These data are con-
sistent with reports showing that fibronectin and collagen |
es are negatively regulated by v-Src (reviewed in Ref.
).

We have shown that the transformation of chicken embryo
chondrocytes by v-Src causes a dramatic and rapid redistri-
bution of microfilaments The major feature was that
F-actin-containing dots and rosettes resulting from the clus-
tering of dots appeared upon transformation; these struc-
tures, podosomes, were identified as de novo formed adhe-
sion sites and found to concentrate also a-actinin and
vinculin. Podosomes, which represent the main location of
actin in freshly transformed cells, were present in NA101
cells and co-existed with some stress i bers

Thus, while transformed chondrocytes display decreased
spreading and adhesion, normal chondrocytes tend to in-
crease their adhesion to the substrate by developing stress
fibers and focal adhesions. Therefore, we asked whether the
different adhesion properties displayed by normal and trans-
formed chondrocytes correl ate with different integrin expres-
sion.

3.2. Integrins expressed by normal and RSV-transformed
chondrocytes

The levels of the accumulated integrins were measured in
normal and RSV-transformed chondrocytes by immunobl ot
experiments. The alpha3chain was found to be present at
higher levels in RSV transformed cells as compared with
differentiated chondrocytes (Fig. 1A). The possibility that
contaminating fibroblasts may be accounting for the apha3
expression can be excluded as only normal chondrocytes
growing in suspension are harvested and propagated. In all
the preparations of chondrocytes tested, two bands by the
anti-betal integrin antibody were detected. Besides the band
in the M, range of the mature form of betal subunit, the
second one, with an apparent M, below 116 kDa, could
represent a degraded or a precursor form of the betal-chain
The expression of alphal-chain declined in freshly
transformed chondrocytes and could not be detected in
NA101 cells, which have lost collagen | expression
due to the low levels of expression of the aphal-chain,
higher amounts of proteins were loaded on this gel).

We failed to detect significant expression of the alpha2
subunit either in control or in transformed chondrocytes by
immunoblot experiments (not shown). Low levels of aphab
expression werefound in control chondrocytes; alphab levels
were significantly higher in freshly transformed chondro-
cytes, and they declined in immortalized NA101 cells
(Fig. 19). Fibronectin levels undergo parallel changes as
aphab levels do in control and transformed chondrocytes
(Fig. 10). alphabbetal is the high affinity receptor specific
for fibronectin. Alphav expression is enhanced in freshl
transformed and immortalized RSV-chondrocytes
The levels of the beta3 chain were significantly higher in
transformed chondrocytes, aswell (not shown). To determine
whether alphav subunit associates with betal, alphav-
precipitable material was subjected toimmunoblotting with a
polyclonal antiserum to betal subunit. Betal-reactive bands
were detected in the alphav precipitates both in control and
transformed chondrocytes (not shown). Alphavbetal integrin
has been shown to be afibronectin receptor The alphab
levels were significantly higher in RSV-transformed chon-
drocytes as compared to the levels displayed by differenti-
ated CEC . Alphabchain was detected as co-
immunoprecipitated band after immunoprecipitation by a
monoclonal anti-betal-antibody both in CEC and in trans-
formed chondrocytes (not shown).

Theforegoing experiments all measure steady-state levels
of integrins. To examine whether differencesin the levels of
the expression could be the result of enhanced rate of synthe-
sis, we performed [*°S-methionine metabolic labeling ex-
periments. Lysates from metabolically labeled control CEC
and NA 101 cells were immunoprecipitated with polyclonal
antibodies rai sed against the cytoplasmic domains of chicken
alpha2- and alpha3-chains and with a monoclonal antibody
raised against the extracellular domain of chicken betal
integrin subunit . A protein band with an apparent
M, below 116 kDa is immunoprecipitated by the anti-betal-
antibody from lysates of control chondrocytes. Theimmuno-
precipitated proteins by the anti-alpha3-antibody were re-
solved into two bands, onein the M, range of alpha3 subunit
and the other in the M, of the mature form of betal subunit.
This last band and the one immunoprecipitated by the anti-
betal-antibody appear to be related by a precursor-product
relationship, the mature form being observed as co-
immunoprecipitated band after immunoprecipitation with
the anti-al pha3-antibody . A protein with an appar-
ent M, of the mature form of the betal subunit was immuno-
precipitated from RSV-transformed cells by the betal anti-
body together with a protein band of an apparent M, of
alpha3-chain. The identity of the alpha3-chain was con-
firmed by the immunoprecipitation with the specific anti-
alpha3-antibody. Consistently with the results obtained by
immunoblot, therate of synthesis of alpha3-chain washigher
in NA101 cellsthan in control chondrocytes. Similar results
were obtained with freshly RSV-transformed chondrocytes
(not shown).
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Fig. 1. Immunoblot analysis for the presence of different alpha- and beta-integrin subunits in normal and RSV-transformed chicken chondrocytes. Chicken
epiphyseal chondrocytes (CEC), immortalized RSV-transformed chondrocyte, (NA101 cells), and freshly RSV-transformed chondrocytes (CEC-RSV). Twenty
microgram of protein extracts were loaded per lane for each blot and electrophoresed on 7.5% SDS-PAGE under non-reducing conditions. Increased amounts
of proteins (100 pg) were loaded on the gel depicted in panel B. Blots were incubated with polyclonal antibodies against the cytoplasmic domains of alpha3-,
betal-, alphav- and al pha5-subunits and monoclonal antibodies against the a phab subunit and fibronectin. In panel C, fibronectin detection was performed on
aparallel gel run under reducing conditions. The higher molecular weight bands present in panel A were also present in the pre-immune serum. Actin detection
by amonoclonal antibody was used to normalize protein loading. Immunoreactivity was visualized with HRP-conjugated anti-rabbit or anti-mouse antibodies.
Numbers denote positions of M, marker proteins in kiloDaltons.
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Fig. 2. (A) Rate of synthesis of betal integrinsin norma and immortalized
RSV-transformed chondrocytes. Immunoprecipitation of cell extracts from
metabolicaly labeled cells: similar amounts of cpm were incubated with
normal serum (NS), the monoclonal antibody against the extracellular do-
main of chicken betal integrin, the polyclonal antibodies against a pha3- or
apha2-chain. (B) Rate of synthesis of alphav-chainin normal and immorta-
lized RSV-transformed chondrocytes. Immunoprecipitation of cell extracts
from metabolically labeled cells. Similar amounts of cpm were incubated
with the polyclona antibody against the cytoplasmic domain of aphav-
chain. Immunoprecipitated samples were resolved on 6% SDS-PAGE under
non-reducing conditions. Numbersdenote positions of M, marker proteinsin
kiloDaltons.

Only barely detectable amounts of the alpha2-chain could
beimmunoprecipitated by the relevant antibody from control
CEC . Likewise, barely detectable amounts of
aphal-chain could be immunoprecipitated from control and
freshly transformed chondrocytes (not shown). Therefore it
appearsthat normal and transformed chick chondrocytes fail
to assemble significant amounts of collagen-binding a pha-
betal containing aphal- and apha2-chains. Consistently
with theresults obtained by immunoblot, the rate of synthesis
of aphav chain was higher in NA101 cells than in control
chondrocytes . Similar results were obtained with
freshly RSV-transformed chondrocytes (not shown). Distinct
putative beta subunits were co-immunoprecipitated by the
alphav antibody from metabolically labeled normal and
v-Src-transformed chondrocytes . In addition to a
protein with the same molecular weight asthe betal subunits,
protein bands of 82-94 kDa were also co-precipitated at the
expected positions of the avian beta3- and betab-chai ns@
The presence of the beta5 chain among the al phav-associated
bands was confirmed by immunofluorescence with the help
of amonoclonal alphavbetab specific antibody (not shown).

The identity of the beta3-chain detected as co-
immunoprecipitated band, from metabolically labeled nor-
mal and transformed chondrocytes by the alphav antibody,
was confirmed by immunoprecipitation experiments per-
formed with the al phavbeta3 specific antibody, LM 609 (not
shown). alphav heterodimerizes with beta3 to a great extent
in transformed chondrocytes .

Overall, the results indicate that norma and RSV-
transformed chondrocytes express multiple alphav integrins
aswell asanumber of betal integrins.

With the exception of alphal- and alpha2-chains, the data
are consistent with the enhanced biosynthesis of integrinsin
the transformed chondrocytes as compared with normal
chondrocytes. Despite the higher levels of integrin expres-
sion, transformed chondrocytes display arefractile morphol-
ogy and poorlyattach to a number of substrates, including
fibronectin, fibrinogen, vitronectin, collagens| and 11, lami-
nin (not shown).

4. Discussion

Morphological transformation occurs independently of
Src-induced nuclear changes and most likely involves
tyrosine phosphorylation of targetsthat control assembly and
disassembly of the cellular actin and adhesion network
Many v-Src targets are known to be associated with the
cellular cytoskeletal network and focal adhesions, including
the integrin betal subunit. Transformed cells have often
defectsin integrin function and Iocalization

This paper focuses on integrin expression in normal and
RSV-transformed chick epiphyseal chondrocytes. Initialy
isolated as suspension cells, primary CEC soon attach to the
plastic dish and assume the typical polygonal shape. With
timein culture polygonal chondrocytes increase adhesion to
the substrate, develop focal adhesions and stress fibers and
dedifferentiate assuming a fibroblastic shape|[27,44,45,63]
Differently v-Src-transformed chondrocytes show low adhe-
sion activity, arefractile morphology and loss of focal adhe-
sion and stress fibers [[27,47,48]. Thus norma and trans-
formed chondrocytes display different adhesion properties.

Wewanted to determine whether thelow adhesion activity
of v-Src-transformed chondrocytes could be ascribed to a
reduced integrin expression. v-Src-transformed chondro-
cytes were instead found to express increased levels of
alpha3betal, aphabbetal and al phavbeta3 integrins as com-
pared with normal differentiated chondrocytes. Woods et a.
showed that selective and sustained activation of the
Raf-MEK-ERK pathway in a variety of mouse fibroblasts
and in mouse and human endothelial cells led to increased
expression of a number of integrins, of which beta3- and
alpha6-chains were the most prominent. However, despite
the higher expression of integrins on the surface of NIH3T3
cells, Raf-transformed cells displayed decreased spreading
and adhesion, with loss of focal adhesions and actin stress
fibers. These data suggest that oncogene-induced alterations
in integrin gene expression may participate in the changesin
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cell adhesion that accompany the process of oncogenic trans-
formation. Cells can vary their adhesive properties by alter-
ing the integrin expression or by modulating the integrin
affinity state[[35]} v-Src-induced alterations of the adhesive
properties of chondrocytes might result from the regulation
of the affinity state of betal- and beta3-integrins. Recently, it
has been shown that tyrosine phosphorylation in the NPXY
motif of the cytoplasmic domain of betal subunit in v-Src-
transformed cells contributes to the transformed phenotype
by affecting integrin functions|[24,70]} The NPXY motif is
also required for tyrosine phosphorylation of beta3 subunit;
Boettiger and colleagues recently reported that phos-
phorylation of the cytoplasmic domain of beta3 negatively
regulates alphavbeta3-fibronectin binding strength. Besides
integrin phosphorylation, other regulatory mechanisms
might be involved in the v-Src-induced alteration of the
adhesive chondrocyte properties. It has been reported that
sustained activation of cytoplasmic signaling pathways in
transformed cells could be responsible for the suppression of
integrin activation. Hughes et al. found that the expres-
sion of activated variants of H-Ras and its kinase effector,
Raf-1, suppress integrin activation and that this suppressive
activity correlates with the activation of the ERK-MAP ki-
nase pathway. They also showed that an activated form of Src
shared with v-Src the ability to suppress integrin activation
via a Ras-dependent MAP kinase pathway These data
suggest that v-Src-induced transformation could produce a
sustained activation of this integrin suppression pathway.
These authors also found that the regulation of the integrin
affinity state does not result from the phosphorylation of
tyrosine residues on the beta3 cytoplasmic domain. In addi-
tion to the effects on global pattern of integrin expression, it
is clear that the Raf-MEK-ERK pathway can influence the
activation state of integrins by post-translational mecha-
nisms. Recently, Ruoslahti and colleagues reported that
the R-Ras pathway alsoiis, at least in part, responsible for the
reduced adhesiveness of v-Src-transformed cells. Primary
chick epiphyseal chondrocytes express alpha3-, apha6-,
alphav-, betal-, beta3-chains, with very low levels of
alphal-, apha2- and alphas-chains. Two bands by the anti-
betal-integrin antibody were observed both in immunoblot
and immunoprecipitation experiments performed on normal
chondrocytes growing in monolayer. These two bands could
be related by a precursor-product relationship. By pulse-
chase experiments, we observed a slow rate of maturation of
the betal subunit in control chondrocytes as compared with
the previously reported data ([65]} the results are not shown
and have been made available to the reviewers). Chick epi-
physeal chondrocytes can grow in suspension or in mono-
layer and these two cell populations convert one into the
other at least in young cultures. A slow rate of maturation of
the betal subunit could affect chondrocyte integrin functions
and giveriseto cells ableto float in the medium.

It appears that normal and transformed CEC fail to as-
semble significant amounts of alphalbetal and alpha2betal
integrin, two of the best-known collagen receptors, and ex-

pressinstead high levels of alpha3betal integrin. In other cell
types, apha3betal serves as an alternative or secondary
receptor for collagen, laminin or fibronectin So far,
alphal-, alpha2- and alphalObetal have been found to medi-
ate the binding of chondrocytes to collagen 11 with
alpha2-betal involved in the binding of chondroadherin as
well [79]] The lack of significant amounts of alphal-and
alpha2-chains in differentiated chondrocytes, may indicate
either that on these cells other receptors, besides integrins,
may mediate cell-collagen interactions[80]} or that another
apha chain is involved in the interaction with collagen II.
Theisolation of alphalObetal integrin by affinity chromatog-
raphy ontype |l collagen suggests that thisintegrin may bea
key receptor for this collagen The expression of the
alphal0 chain in CEC has not been detected because of lack
of cross-reactivity of the antibody that these authors have
kindly provided to us. The lack of significant amounts of
alpha2 subunit in CEC is consistent with previous findings,
showing that alpha2 could not be identified in human fetal
epi physed cartilage and in adult articular chondrocytes
Controversial reports concerning aphal expression in
articular chondrocytes exist in literature with some reports
showing alphal anditsaffinity for collagen |l and VI and
others reports showing weak or no expression of alphal in
adult articular cartilage and in human fetal epiphyseal carti-
lage[[75.81]

As to the alpha3betal expression by chondrocytes, it has
been suggested a strict correlation between the collagen type
synthesized and the appropriate receptor presented by chon-
drocytesin organoid cultures from mouse limb buds. In fact,
Shakibaei et al. reported that the change in collagen
production from type | to type Il during chondrogenesis was
accompanied by a change in integrin expression from
aphal- to apha3-chain. Conversely, dedifferentiation of
chondrocytes in aging cartilage was accompanied by the
occurrence of collagen type | and alphal integrin subunit.
Differently, it has been reported that the al pha3betal on two
chondrosarcoma cell lines appears not to interact with col-
lagenll Here, the changein the collagen production
from type Il to type | collagen in freshly transformed chon-
drocytes is associated with the increased expression of the
apha3chain and the reduced expression of aphalchain. The
alpha3 integrin chain is still highly expressed by established
NA101 cells, in the absence of significant production of
cartilage collagens and collagen type |.

Alpha6chain is detected as co-immunoprecipitated band
after immunoprecipitation by anti-betal antibody both in
normal and in transformed chondrocytes. Alphatbetal het-
erodimer functions as a laminin receptor. This is consistent
with previous findings by Durr et al. , who showed the
presence of alpha6 on human fetal chondrocytes from epi-
physeal cartilage and the block of chondrocyte attachment on
laminin by a monoclonal anti-betal-antibody. RSV-
transformed chondrocytes were found to accumulate higher
levels of alphatbetal ascompared with normal differentiated
chondrocytes. Both the heterodimers, alpha3betal and
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alphatbetal display higher expression in RSV-transformed
chondrocytes. High expression of the integrin subunits al-
phab and alpha3 is associated with transformation and tumor
progression (for reviews see Refs. [33,34]). Early findings
described a decrease in the expression of the fibronectin
receptor, alphaSbetal integrin, in transformed cells[[84]} We
observed that the low expression of alphab subunit in normal
chondrocytesincreasesin freshly transformed cells; low lev-
els of this subunit were found in the immortalized trans-
formed cells as compared with freshly transformed cells.
Alphabbetal is the high affinity receptor specific for fi-
bronectin and the relative expression of aphab subunit cor-
relates with the expression of fibronectin in normal and
transformed chondrocytes, in that the extents of alphab and
fibronectin expression are closely linked. Despite repeated
subcloning, fibronectin expression by the immortalized
NA101 cells decreases upon subculture. Transcriptional re-
pression of fibronectin gene by v-Src has been demonstrated
(reviewed in Ref.[[64]).

A polyclonal anti-al phav-antibody recognizes specific in-
tegrin heterodimers in norma and RSV-transformed chon-
drocytes.  Digtinct  putative beta chains  co-
immunopreci pitated with the aphav chain. The presence of
alphavbetal, alphavbeta3 and alphavbeta5 heterodimers in
normal and transformed chondrocytes were found. The ex-
pression of the beta3 chain in chondrocytesis consistent with
the results by von der Mark and coll eagu who showed
the presence of the vitronectin receptor both on freshly iso-
lated chondrocytes from human epiphyseal cartilage and in
situ. Increased levels of aphav subunit were found in trans-
formed chondrocytes. Alphav subunit in transformed cells
heterodimerizes to a great extent with the beta3 subunit.
Although alphavbeta3 integrin is known as the receptor for
vitronectin it binds to other RGD-containing ECM proteins,
such as fibrinogen, osteopontin, bone sialoprotein, and, to
some extent, fibronectin and a cryptic RGD-sitein denatured
collagen. Expression of this integrin enables a given cell to
adhere to, migrate on, or respond to almost any matrix pro-
tein it may encounter. In spite of the high expression of this
heterodimer in transformed chondrocytes, these cells display
low affinity for a number of substrates including fibrinogen,
vitronectin and fibronectin as determined by cell adhesion
assays. Thusit appearsthat the activation of the v-Src signal-
ing pathway in chondrocytes can have profound effects on
the expression and the activity of these key cell adhesion
molecules.

5. Conclusions

Normal and v-Src-transformed epiphyseal chondrocytes
display different adhesion properties. While differentiated
CEC become increasingly adherent with time in culture,
transformed chondrocytes display low spreading, loss of
focal adhesions and stress fibers and low adhesion activity to
several ECM constituents.

The objective of this study was to determine how the
expression of the integrin receptors was modulated after
v-Src-induced transformation of cultured chondrocytes. We
found that alpha3betal, alphatbetal and alphavbeta3 inte-
grins are expressed in greater amounts in RSV-transformed
chondrocytes as compared with the levels expressed by con-
trol CEC. These dataindicate that the effects of v-Src on cell
morphology, intracellular architecture and signaling run
counter to the simple expectation that cell-ECM attachment
might beincreased in these cells and lend support to the idea
that v-Src can affect the integrin adhesive functions.
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