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Abstract

Elevated levels of fibronectin (Fn) in articular cartilage
have been linked to the progression of both rheumatoid and
osteoarthritis. In this study, we examined intracellular
events which follow ligation of Fn to its receptor, the inte-
grin o5B1. In addition, we examined the regulatory influ-
ence of nitric oxide on these events, since this free radical
has been implicated in cartilage degradation. Exposure of
chondrocytes to Fn-coated beads resulted in the circumfer-
ential clustering of the o5B31 integrin receptor, which was
accompanied by the subplasmalemmal assembly of a focal
activation complex comprised of F-actin, the tyrosine Kki-
nase, focal adhesion kinase (FAK), the ras related G protein
rho A, as well as tyrosine-phosphorylated proteins. Treat-
ment with exogenous nitric oxide (NO) or catabolic cyto-
kines which induce nitric oxide synthase blocked the assem-
bly of F-actin, FAK, rho A and tyrosine-phosphorylated
proteins while not affecting the total number of beads
bound per cell nor the clustering of a5p1 integrin. Use of a
cGMP antagonist (Rp-8-Br cGMPS) or cGMP agonist (Sp-
cGMPS) either abolished or mimicked the NO effect, re-
spectively. Adherence of chondrocytes to fibronectin en-
hanced proteoglycan synthesis by twofold (vs. albumin). In
addition, basic fibroblast growth factor (FGF) and insulin
growth factor (IGF-1) induced proteoglycan synthesis in
chondrocytes adherent to Fn but not albumin suggesting a
costimulatory signal transduced by o531 and the FGF re-
ceptor. Both constitutive and FGF stimulated proteoglycan
synthesis were completely inhibited by nitric oxide. These
data indicate that the ligation of a5B1 in the chondrocyte
induced the intracellular assembly of an activation complex
comprised of the cytoplasmic tail of «531 integrin, actin, and
the signaling molecules rho A and FAK. We show that NO
inhibits the assembly of the intracellular activation complex
and the synthesis of proteoglycans, but has no effect on the
extracellular aggregation of o531 integrin. These observa-
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tions provide a basis by which nitric oxide can interfere with
chondrocyte functions by affecting chondrocyte-matrix in-
teractions. (J. Clin. Invest. 1997. 100:1789-1796.) Key
words: cartilage » extracellular matrix « integrin signaling «
focal adhesion complex « cyclic GMP

Introduction

Cartilage homeostasis is regulated, in part, by the interaction
of chondrocytes with extracellular matrix (ECM).! Among
the molecular interactions critical to the regulation is the in-
teraction of chondrocyte integrins, particularly a5p1 with the
multidomain ECM protein fibronectin (1-4). Integrins are het-
erodimeric glycoproteins known to transmit signals in both
directions across the plasma membrane (5-7). In regulating
cellular adhesion, cell activation signals are transmitted to in-
tegrins in an “inside—out” fashion such that the extracellular
domains at the integrin molecules become adhesive (8). In
addition, the binding of integrins to ECM proteins such as fi-
bronectin (Fn) transmit outside—in signals resulting in cell acti-
vation that involves the formation of a multimolecular com-
plex known as the focal adhesion plaques, which associates
with the cytoplasmic domain of a5B1 integrin (9, 10). The as-
sembly and disassembly of the focal adhesion plaque has been
implicated in both inside—out and outside—in integrin signaling.
A dysregulation of cartilage homeostasis is evident in both
inflammatory arthritis and osteoarthritis. We and others have
implicated nitric oxide (NO) as a potential mediator of carti-
lage pathophysiology in arthritis (11-16). In the present study,
we examine the cellular responses of chondrocytes to fibronec-
tin and how these responses are modulated by NO. We show
for the first time that the binding of fibronectin-coated beads
to chondrocytes results in an outside—in signal involving accu-
mulation of actin and associated protein assembly including
the tyrosine kinase, focal adhesion kinase (FAK), the ras re-
lated G protein rho A, as well as tyrosine-phosphorylated pro-
teins at the sites of the fibronectin-integrin complex. In addi-
tion, our studies indicate that NO, provided exogenously or
produced endogenously in response to cytokines, prevents
transmembrane responses after integrin ECM ligation. We
show that the mechanism for the NO capacity to disassemble
focal adhesion complexes is mediated by the cyclic GMP-
dependent pathway. These observations provide a basis by
which NO can interfere with cartilage homeostasis by affecting
chondrocyte extracellular matrix—dependent processes.

1. Abbreviations used in this paper: ECM, extracellular matrix; FAK,
focal adhesion kinase; Fn, fibronectin; NIO, N-(L)-1 iminoethyl-L-orni-
thine.
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Methods

Culture of bovine chondrocytes. Bovine articular chondrocytes were
obtained from the bovine fetlock joint as described (17). Briefly,
slices of articular cartilage underwent digestion to isolate chondro-
cytes (hyaluronidase, trypsin, and collagenase). Cells were cultured in
monolayer in DME plus 10% FBS. Monolayer cultures of passage
one bovine articular chondrocytes were plated onto coverslips and
cultured in 24-well plates (10%/well). These cells when placed in a 3-D
matrix, produce type II collagen and stained positively for S-100 anti-
gen consistent with the chondrocyte phenotype (18). In some experi-
ments, cells were incubated with 8-bromoguanosine-3'5’-cyclic mono-
phosphorothioate, Rp-isomer (Rp-8Br-cGMPS; BioLog, La Jolla,
CA), guanosine-3'5'cyclic monophosphorothioate, Sp isomer (Sp-
cGMPS; BioLog), 8-bromoguanosine-3'5’ cyclic monophosphate (8-Br
c¢GMP; Sigma Chemical Co., St. Louis, MO) mouse anti-human integ-
rin «VB3 (mAB 1976; Chemicon International, Inc., Temecula, CA),
and mouse anti-human a5g1 (mAB 1969; Chemicon International,
Inc.). The cells were used directly (as described below) or were cul-
tured for 2 d with medium alone (DME + 0.2% FBS) or with a cyto-
kine mixture containing 5 ng/ml human IL-1«, 10 ng/ml TNFa and
100 U/ml bovine gamma interferon in the absence or presence of 100
wM N(5)-l-iminoethyl-L-ornithine (NIO; concentration varied).

Measurement of proteoglycan synthesis (*SO, incorporation) by
chondrocytes adhered to albumin or fibronectin-coated surfaces. Pro-
teoglycan synthesis was determined by utilizing the method of Penny-
packer and coworkers (19). Briefly, passage one cells (3 X 10° total)
were added to 75-cm? flasks which were previously coated overnight
with either 1 mg/ml albumin (HSA; Armour Pharmaceutical Co.,
Tarrytown, NY) or 50 pg/ml fibronectin. The concentrations of albu-
min and fibronectin chosen for the coating of both plates(1 mg/ml al-
bumin, 50 mg/ml fibronectin) and latex beads (0.1 mg/ml albumin,
0.05 mg/ml fibronectin, see below) were selected based on their ca-
pacity to achieve saturation of plates (colorimetric assay) or beads
(FACS® analysis). Cells were incubated in RPMI plus 0.5% FCS with
or without nitric oxide (0.1 M in the presence or absence of 50 ng/ml
fibroblast growth factor [FGF; Upstate Biotechnology Inc., Lake
Placid, NY]) and 50 ng/ml insulin growth factor-1 (IGF-1; Sigma
Chemical Co.). After 48 h, 1 wCi/ml SO, (S-35 Na,SO,, 600-800 mCi/
mmol; Amersham Corp., Arlington Heights, IL) was added for a 20-h
pulse. Cells were then removed from the plates and were dialyzed
separately, first against 0.1 M (NH,),SO, for 3 h and then exhaus-
tively against water. The radioactivity associated with the dialysate
was determined by scintillation counting.

Analysis of INOS and NO release. NO release was measured as
nitrite in supernate at 24 h by using the Griess assay. To assess NOS
protein expression, cell homogenate was prepared by scraping cells in
Laemmli buffer and boiling for 5 min. Protein was separated by 10%
SDS gel. Western blot analysis utilized anti iNOS (Transduction Lab-
oratories, Louisville, KY) after transfer to nitrocellulose and visual-
ization by enhanced chemiluminescence.

Preparation of nitric oxide. Nitric oxide stock solutions were pre-
pared by saturating a solution of isotonic buffer with nitric oxide as
described (20). Alternatively, NO was delivered utilizing DETA/NO
(Cayman Chemical Co., Ann Arbor, MI).

Bead assays. Latex beads (mean diameter 11.9 wm; Sigma Chem-
ical Co.) were coated with ligands as described (21). Briefly, fibronec-
tin or albumin (both from Sigma Chemical Co.) were dissolved at 0.1
mg/ml in 10 mM Tris pH 8.0,2 M LiBr, 1 mM DTT. The mixture was
incubated with latex beads (107/ml; 1 h, 37°C) and then dialyzed
against 100 vol of 10 mM acetate pH 5.5 plus 0.4 mM dithiothreitol.
Beads were analyzed by FACS® (FACScan; Becton Dickinson, Moun-
tain View, CA) after sequential treatment with rabbit anti-human fi-
bronectin (Sigma Chemical Co.) and FITC-conjugated goat anti-rab-
bit IgG antibody (Sigma Chemical Co.). FACS® analysis revealed
that the Fn-coated beads were uniformly coated with fibronectin
while albumin beads were negative for fibronectin staining. The fol-
lowing antibodies were purchased and shown to be monospecific by
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Western immunoblotting using goat anti-rabbit IgG conjugated with
peroxidase or using rabbit anti-mouse IgG conjugated with peroxi-
dase: anti integrin alpha subunit (AB 1928; Chemicon International,
Inc.), anti-FAK (F 15020; Transduction Laboratories), antiphospho-
tyrosine (05321; Upstate Biotechnology, Inc.), anti-Raf (R 19120;
Transduction Laboratories), anti—-Rac 1 (SC217; Santa Cruz), anti—
rho A (SC 418; Santa Cruz), antitubulin (T 3526; Sigma Chemical
Co.) and anti-integrin B1 subunit (4B4; Coulter Immunology, Hia-
leah, FL). Rhodamine-labeled phalloidin (R415) was purchased from
Molecular Probes (Eugene, OR). Antibodies to B1 integrin and a5
integrin subunits were purchased from Coulter Immunology (Immu-
notech) and Chemicon International, Inc., respectively.

Chondrocytes were incubated with beads (1 X 10%/well for a bead
to cell ratio = 1.0; 20 min, 37°C). Cells were washed, were fixed in
PBS plus Ca with 4% paraformaldehyde, and triton X-100-treated
cells were stained with rhodamine phalloidin or antibody. After re-
acting the latter with a secondary FITC conjugated antibody, samples
were analyzed by immunofluorescence microscopy using a micro-
scope (Nikon Inc., Melville, NY) equipped for fluorescein and rhoda-
mine fluorescence and for a photographic recording of the data. In
the scanning electron microscopy (SEM) experiments, cells were fixed
in a buffer comprised of 2% glutaraldehyde, 0.1 M cacodylate, pH
7.2,0.1 M sucrose. Samples were coated with gold-palladium and ana-
lyzed by SEM using a scanning microscope (JSM-840; Joel U.S.A.,
Inc., Peabody, MA).

Data analysis. Data was reported as the mean and the standard
error of the mean. The level of significance, P, of differences from the
control experiments was calculated using the Student’s ¢ test (two-
tailed).

Results

Attachment of fibronectin-coated beads induces colocalization
of a5B1 and the signaling molecules rho A and FAK with actin
at the subplasmalemma. To examine the intracellular events
which follow integrin-ECM interactions, we selected a tech-
nique which utilizes latex beads coated with Fn or albumin.
The exposure of chondrocytes to Fn-coated beads (20 min,
37°C) resulted in the extracellular clustering of the integrin a5
subunit around the latex bead which was “mirrored” intracel-
lularly by the localized accumulation of F-actin (Fig. 1). For Fn
beads whose circumference was entirely located overlying the
cell, the procedure allows quantitation of the percentage of
beads with circumferential immunolocalization relative to the
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Figure 1. Attachment of fibronectin-coated beads induces colocaliza-
tion of a5B1, actin, FAK, and rho A across the plasma membrane.
Chondrocytes were adhered to cover slips and were exposed to fi-
bronectin-coated beads or albumin-coated beads. After 20 min, cells
were washed, fixed in paraformaldehyde, stained for either a5 inte-
grin subunit, actin, FAK, rho A, phosphotyrosine, or tubulin, as de-
scribed in Methods and fluorescence was recorded by photography.



total number of beads (% positive beads). So analyzed, the
F-actin response after Fn bead attachment yielded 73+1%
positive beads. In contrast, exposure of bovine chondrocytes to
albumin-coated beads did not induce clustering of a5 subunit
of surface integrin. In addition, albumin beads did not elicit the
local accumulation of actin at the bead contact site (Fig. 1).
Because both o VB3 and o5B1 integrins bind fibronectin,
we assessed the contribution of these integrins in our chondro-
cyte model. Inclusion of an anti-a5B1 blocking antibody (10
pg/ml) resulted in significant inhibition of the clustering of a5
subunit when chondrocytes were given Fn beads (Fig. 2). In
addition, treatment with anti-a5B1 antibody resulted in com-
plete inhibition of actin clustering which suggests that integrin
signaling by chondrocytes given Fn beads is mediated by a 1
integrin. In contrast to the results with anti-a5p1, a blocking
anti-a VB3 antibody had no effect on o5 and actin clustering.
Since recent studies in fibroblasts suggest that focal attach-
ment points anchor signaling molecules such as the tyrosine ki-
nase p125FAK (FAK) (21), we determined whether FAK
colocalized with actin. We observed that the attachment of Fn
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Figure 2. Effect of anti-a5B1 integrin antibody and of anti-a' VB3 in-
tegrin antibody on the capacity to cluster a5 subunit and actin when
chondrocytes were given Fn-coated beads. Cells on coverslips were
preincubated in the absence (minus antibody) or presence of anti-
a5B1 IgG (complex specific, BI blocker) or anti-a VB3 IgG (complex
specific, B3 blocker; both 30 min, 10 pg/ml, 37°C) before the addition
of Fn beads. Cells were stained for immunolocalization of proteins
(A). For Fn-coated beads whose circumference was entirely located
within the cell, the percentage of beads with circumferential immu-
nolocalization relative to the total number of beads (% positive
beads) was determined (B).

beads induced clusters of FAK, and that tyrosine phosphory-
lated proteins (possibly representing activation of FAK or an-
other tyrosine kinase) were recruited to Fn bead contact sites
(66£4% positive beads; Fig. 1). Cells exposed to albumin
beads did not stain positively for phosphotyrosine (not shown).

As shown in Fig. 1, Fn beads also induced clustering of an-
other signaling molecule, the ras-related GTPase, rho A, a
protein associated with signaling for actin stress fiber forma-
tion (22). Neither raf (not shown), nor tubulin (Fig. 1), a cy-
toskeletal protein, were detected at Fn bead contact sites. In
addition, another ras-related G protein, racl, failed to accumu-
late at contact sites of Fn-coated beads to chondrocytes (not
shown).

Nitric oxide action on integrin-induced outside—in signal-
ing. We have previously shown that NO in a dose-dependent
manner prevents actin stress fiber formation and inhibits chon-
drocyte adherence to a fibronectin-coated surface (18). In the
current study, we examined the effect of NO on the Fn-coated
bead model of outside—in integrin signaling. Cells were treated
with nitric oxide (10-100 wM; 5 min) before the addition of
Fn beads. Fig. 3 A shows that NO treatment did not prevent
the circumferential staining of the a5B1 integrin after the at-
tachment of Fn beads. However, in the presence of NO, the
circumferential staining of o581 integrin was not mirrored by
an intracellular accumulation of actin at the site of bead at-
tachment. Similarly, in the presence of NO, FAK did not colo-
calize with aggregated a5B1. These effects of NO were not due
to cytotoxicity, based on a viability assay (18). In addition, if
NO-treated cells were washed and allowed to recover (1 h),
exposure to Fn beads did induce the colocalization of actin and
associated proteins at the site of bead contact, indicating re-
versibility (not shown).

We next utilized the bead quantitation method to examine
the dose-dependent effect of NO treatment (10-100 wM, 5 min
37°C) before the addition of Fn-coated beads. As shown in Fig.
3 B, treatment of chondrocytes with 30 uM NO reduced actin
and FAK accumulation to 25£7% control (P < 0.02) and
18+3% control (P < 0.001), respectively. NO treatment also
reduced tyrosine phosphorylation by > 75% (not shown). NO
did not inhibit total bead binding per cell (not shown). In con-
trast to its effects on assembly of the intracellular multiprotein
complex, NO (3-100 M) did not prevent the extracellular ag-
gregation of a5B1 integrin around the Fn beads (Fig. 3 B).
Thus, NO exerts an effect which sharply contrasts from the ef-
fects observed after treatment with the blocking B1 antibody
(which prevented o5 a subunit clustering (Fig. 2 A). Taken to-
gether, the disruptive effect of NO on the assembly of F-actin/
FAK/rho focal activation complex is exerted at the interaction
between a5B1 cytoplasmic domain and the focal activation
complex components, not to an effect on the ability of a5B1 to
cluster after interaction with extracellular ligand.

Nitric oxide effect depends upon the cGM P-dependent path-
way. Cyclic GMP is an important mediator of NO actions
(23). Interestingly, a cGMP-dependent protein kinase was re-
cently described to be localized in the cytoskeletal fraction in
endothelial cells and neutrophils and regulates cytoskeletal
function (24, 25). To evaluate G-kinase in our system, we se-
lected Rp-8-Br-cGMPS and Sp-cGMPS which selectively act
as cGMP antagonist and agonist, respectively. In addition, we
selected 8-Br cGMP which is a cell permeable cGMP analog.
As shown in Table I, treatment with the antagonist completely
blocked the capacity of NO to inhibit clustering of actin and
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Figure 3. Nitric oxide blocks focal adhesion complex containing actin
and FAK. Chondrocytes were treated with 0.1 mM nitric oxide (5
min, 37°C) and then incubated with Fn beads (20 min, 37°C, see
Methods). Cells were then fixed and stained for immunolocalization
of actin and FAK as described in Methods (A). Chondrocytes were
adhered to cover slips then incubated with Fn-coated beads in the ab-
sence (control) or presence of nitric oxide (concentration varied, 5
min, 37°C) before exposure to Fn-coated beads (B). Cells were then
stained for immunolocalization of proteins as described in Fig. 1. For
Fn-coated beads whose circumference was entirely located within the
cell, the percentage of beads with circumferential immunolocalization
relative to the total number of beads (% positive beads) was deter-
mined. Note that the disruptive effects of nitric oxide on the assembly
of F-actin/FAK is exerted at the subplasmalemma and is not reflected
in a similar disruption of the ligand (extracellular fibronectin)-recep-
tor (51 integrin) complex.

FAK by chondrocytes given Fn beads. In contrast, both Sp-cG-
MPS and 8-Br cGMP mimicked the NO action to inhibit forma-
tion of focal adhesion complex in a dose-dependent manner.
Catabolic cytokines prevent Fn-induced assembly of the fo-
cal adhesion complex. We next assessed the effect of endoge-
nously produced NO on integrin signaling. Cells were preincu-
bated for 48 h in the presence or absence of a mixture of
cytokines (5 ng/ml IL-1, 10 ng/ml TNF-o, 100 U/ml y-INF),
known to promote the upregulation of iNOS and the produc-
tion of NO in these cells (18). For specificity, studies were per-
formed in the presence or absence of the nitric oxide synthase
inhibitor, N-(L)-1 iminoethyl-L-ornithine (NIO). The nitric ox-
ide synthase inhibitor reduced cytokine stimulated NO release
from 9.2 to 0.9 uM at 48 h. As shown in Fig. 4, the circumferen-
tial staining for the aSB1 integrin after exposure to Fn beads
was unaffected by cytokine treatment. In contrast, cytokine
treatment prevented the formation of the intracellular multi-
protein focal activation complex as reported by the circumfer-
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Table I. NO Inhibits Bl Integrin Signaling via Activation of
c¢GMP-dependent Protein Kinase

% Positive beads

51 ACTIN FAK
Control 78+8 73*+1 707
NO 83+6 5+5% 8+5%
NO + Rp-8-Br cGMPS 77+5 704 75+9
Rp-8-Br cGMPS 85+10 68+7 64+7
Sp-cGMPS, 1.0 mM 70+8 15+4%* 36+3¢
Sp-cGMPS, 0.3 mM 6210 44+7 69+4
8-Br cGMP, 1.0 mM 64+4 12+2% 27+1%
8-Br cGMP, 0.3 mM 62+7 25+3% 264
8-Br cGMP, 0.1 mM 67+8 602 68+2

Chondrocytes were adhered to cover slips and incubated under varied
conditions with the NO donor drug DETA/NO (0.1 mM, 4 h), the
cGMP-dependent protein kinase inhibitor, guanosine-3'5’-monophos-
phorothioate, Rp-isomer (Rp-8-Br-cGMPS, 0.1 mM, 40 min), the
cGMP-dependent protein kinase activator, guanosine-3'5’-monophos-
phorothioate, Sp-isomer (Sp-cGMPS, concentration varied, 40 min),
and the cGMP agonist 8-bromoguanosine-3'5’ cyclic monophosphate
(8-Br-cGMP, concentration varied, 40 min). Cells were then incubated
with Fn beads (20 min, 37°C). Cells were fixed in glutaraldehyde and an-
alyzed by immunofluorescence (see Methods) after staining the cells
with anti-a5-integrin («5B1), rhodamine phalloidin (ACTIN) or anti-
FAK (FAK); vs. control. *P < 0.01; #P < 0.05.

ential staining for FAK, phosphoprotein, rho, or actin. F-actin
accumulation at the bead contact site was reduced by cytokine
treatment to 15+5% positive beads (P < 0.006 vs. control).
Cytokine treatment also resulted in similar decreases in FAK
and rho colocalization and in tyrosine phosphorylation which
were 11+3% (P < 0.015), 20=1% (P < 0.006), and 8+1%
(P < 0.015) of control (Fig. 4, Table II), respectively. The de-
crease in staining for cytoskeletal associated proteins was not
due to effects on bead attachment, since cytokine treatment
did not reduce the number of beads bound per cell (Table II).
The inhibition of FAK translocation and tyrosine phosphory-
lation caused by cytokine treatment were completely reversed
when cells were incubated in the presence of the NO synthase
inhibitor, 1-N5-1-iminoethylornithine (NIO). In contrast, co-
treatment with NIO did not prevent the inhibitory cytokine ef-
fects on F-actin and rho A accumulation (Fig. 4, Table II).
However, as shown in Table II, treatment with the kinase in-
hibitor, Rp-8-Br cGMPS completely blocked the capacity of
cytokines to inhibit clustering of actin and rho A by chondro-
cytes given Fn-beads.

Nitric oxide inhibits proteoglycan synthesis in chondrocytes
adhered to a fibronectin-coated surface. To determine the ef-
fects of fibronectin ligation and NO on cartilage metabolism in
resting and stimulated cells (by treatment with basic fibroblast
growth factor [FGF] or with insulin growth factor-1 [IGF-1]),
proteoglycan synthesis was assessed utilizing cells incubated
on plates coated with either albumin or fibronectin. Proteogly-
can synthesis, measured as SO, incorporation, was deter-
mined in the presence or absence of FGF or IGF-1. As shown
in Fig. 5, proteoglycan synthesis by chondrocytes adherent to
albumin was not increased by FGF or by IGF-1 treatments. In
contrast, proteoglycan synthesis increased twofold when chon-
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Figure 4. Cytokine treatment which induces NO by these cells inhibits integrin-induced “outside—in” signaling. Chondrocytes were adhered to
cover slips then incubated in the absence (control) or presence (cytokine) of treatment with catabolic cytokines (48 h) and a nitric oxide synthase
inhibitor 1-N5-1-iminoethylornithine (NIO). Cells were then incubated with Fn-coated beads and processed as described in Fig. 1 for staining
with F-actin, rho A, FAK, tyrosine phosphorylated proteins, and &5 subunit of a5B1 integrin (See Table II for analysis of data).

drocytes were grown on a fibronectin-coated surface (P <
0.01). Treatment with FGF and IGF-1 further enhanced pro-
teoglycan synthesis by twofold (P < 0.05 vs. Fn) and sevenfold
(P < 0.01 vs. Fn), respectively. The exposure of chondrocytes
adherent to fibronectin with NO significantly blocked the fi-
bronectin-dependent increase in proteoglycan synthesis by
both control, FGF- and IGF-1-treated groups. NO did not af-
fect the baseline proteoglycan production by chondrocytes ad-
herent to albumin (not shown). Thus, these data indicate that
the ligation of fibronectin by chondrocytes induces an intracel-
lular signal that promotes both constitutive and FGF stimu-

lated proteoglycan synthesis. NO, possibly by preventing the
assembly of a complete focal activation complex which colo-
calizes with the cytoplasmic tail of a581, blocks that signal.

Discussion

Our studies demonstrate that the response of chondrocytes ex-
posed to Fn-latex beads include the extracellular clustering of
a5B1 integrin and the intracellular aggregation of actin and as-
sociated protein assembly. These responses were inhibited by
an anti-a5B1 antibody but not by an anti-aVB3 antibody sug-

Table II. Quantitation of Percentage of Cells which Bind Beads and of the Bead-induced BI Integrin Signaling by Chondrocytes

with or without Cytokine and Nitric Oxide Synthase Inhibitor

% Positive beads

Percentage of cells binding

at least 1 bead o Integrin subunit ACTIN FAK Phosphotyrosine RhoA
Control 39£8 78+8 73%1 70£7 66+4 78+5
NIO 35+14 75%5 78+3 82+4 69+4 82+4
Cytokine 51+8 79+7 15+5% 11+3# 8+1¢ 20+1%
Cytokine + NIO 63=10 72=*5 T+4% 71+1 75*3 10£2%*
Cytokine +Rp-8-Br cGMPS ND 75+8 89+9 76=*3 53+4 74%3

Chondrocytes were adhered to cover slips and incubated under varied conditions for 48 h. Cells were then incubated with Fn beads (20 min, 37°C).
Cells were fixed in glutaraldehyde and analyzed by SEM and immunofluorescence as described (see Methods); vs. control *P < 0.006; P < 0.015.
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Figure 5. Nitric oxide inhibits proteoglycan synthesis in chondrocytes
adhered to a fibronectin-coated surface. Chondrocytes were incu-
bated on plates which were coated with either albumin or fibronectin.
Cells were incubated (48 h) in the presence or absence of FGF and
IGF-1 with or without NO (0.1 M; added daily). Radiolabeled S04 in-
corporation was determined during the final 20 h of incubation.

gesting a causal relationship between the ligation of a5B1 integ-
rins and fibronectin—integrin signaling. Our studies are consis-
tent with those of Loeser (27) who examined the effect of
blocking antibodies on chondrocyte adherence to a fibronec-
tin-coated surface and found that adhesion was inhibited by an
anti-B1 antibody but not by an anti-B3 antibody. The ligation
of B1 integrins thus results in the assembly of a characteristic
transmembrane adhesive complex. We have identified impor-
tant candidates for mediating signal transduction which follows
a5B1 ligation. For example, we show that the tyrosine kinase
P125FAK (FAK) is recruited to focal complexes upon attach-
ment of cells to the ECM. The function of FAK is unclear, al-
though it can act to recruit SH2-containing proteins such as src
and grb-2, the adaptor protein for the ras guanine exchange
factor SOS (9). Another important observation of our study
was that rho A, the ras-related GTPase, is recruited to focal
complexes upon attachment of cells to ECM. Interestingly, us-
ing Swiss 3T3 fibroblasts, as a model system, Hall and cowork-
ers used a microinjection technique to show that rho A was re-
sponsible for regulating a pathway which stimulated actin
polymerization and the formation of a unique phenotype
(stress fibers) (28-30).

Regarding cell function, basic FGF has previously been
shown to stimulate proteoglycan synthesis (31, 32). Our data
indicate that the signal transduced after extracellular ligation
of fibronectin not only increases proteoglycan synthesis above
baseline, but appears to be required for these cells to increase
proteoglycan synthesis in response to FGF and IGF-1. In addi-
tion, our results are concordant with recent studies which indi-
cate that the stabilization of cell adhesion via integrin ligation
can regulate the phosphorylation and activation of growth fac-
tor receptors, such as the receptor for FGF and IGF-1 (33).

Our studies also examined the effect of NO, which is pro-
duced in micromolar quantities by both rheumatoid and os-
teoarthritic cartilage (12, 15, 34), on the interaction between
the chondrocyte and fibronectin. Previous studies have indi-
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cated that chondrocyte adhesion and matrix synthesis are in-
hibited by NO (14, 16, 18). Our data demonstrate that nitric
oxide exerts profound inhibitory effects on fibronectin o581
signaling. These effects can be summarized as follows: (@) NO
inhibited actin polymerization and the translocation from cyto-
sol to plasmamembrane of two-key signaling molecules, FAK
and rho A, at the site of o581 ligation; this inhibition did not
prevent the extracellular ligation of fibronectin by a5B1; (b)
NO inhibited the activation of a tyrosine kinase, possibly FAK;
(c) Finally, NO inhibited the capacity of fibronectin to increase
proteoglycan synthesis in both control and FGF-treated cells.
Studies utilizing the specific inhibitor of the cGMP-dependent
protein kinase, Rp-8-Br-cGMPS, suggest that the effects of
NO on the focal adhesion complex may be due to its capacity
to raise cGMP as occurs in other cell types.

The approach we utilized to examine proteoglycan synthe-
sis by chondrocytes was intended to test whether integrin sig-
naling contributes to both constitutive and growth factor—stim-
ulated cell function. We found that NO inhibited the capacity
of cells grown on a fibronectin-coated surface to increase pro-
teoglycan synthesis in both control and stimulated cells in asso-
ciation with the capacity of NO to inhibit integrin signaling. It
is important to note that the regulation of proteoglycan syn-
thesis is complex, and there may be several explanations for
the data not directly related to effects on integrin signaling, in-
cluding effects of fibronectin on other matrix protein secretion
by chondrocytes. However, we recently obtained evidence that
Fn beads stimulate mitogen associated protein (MAP) kinase
within 30 min of exposure and that NO attenuates the Fn bead
effect on MAP kinase (unpublished observation). The elucida-
tion of the relationship among integrin signaling, MAP kinase,
and proteoglycan synthesis is currently under investigation.

In our experiments the inhibitory effects of NO were ob-
served at concentrations which are achieved intraarticularly in
both osteoarthritis and rheumatoid arthritis (35). To deter-
mine whether endogenous NO acted in a possible autocrine
fashion on the o581 signaling, chondrocytes were exposed to
catabolic cytokines in the presence or absence of the NOS
inhibitor, NIO. In these studies, we could demonstrate that cy-
tokine treatment, like exogenous NO, inhibited integrin signal-
ing by dissociating the actin~-FAK complex at the subplas-
malemma. Decreases in FAK accumulation and tyrosine
phosphorylation were completely reversed when the cells were
incubated with cytokines in the presence of the NO synthase
inhibitor, 1-N5-1-iminoethyl ornithine. In contrast, the cyto-
kine effects on F-actin and rho A were only partially reversed.
These experiments indicate that FAK translocation and ty-
rosine phosphorylation are dependent upon cytokine induc-
tion of NO synthesis. In addition, the data suggest that FAK
associates with a5B1 independent of its colocalization with ac-
tin or Rho A. The apparent qualitative differences between
NO and cytokines on the assembly of the focal adhesion com-
plex are not yet fully understood. The inability of NIO to re-
verse cytokine effects on actin or rho A suggests: (a) either
that NO inhibition is incomplete, or (b) that other factors pro-
duced in response to cytokine stimulation exert similar inhibi-
tory effects on the formation of focal adhesion complex. The
capacity of the cGMP antagonist, Rp-8 Br cGMPS to reverse
the cytokine response suggests that in the presence of NMMA,
low levels of NO are produced by cytokine treated cells suffi-
cient to generate cGMP which acts intracellularly via a cGMP-
dependent pathway (probably G-kinase).



In interpreting our studies, it is important to note that the
biological activity of fibronectin can change dramatically de-
pending on matrix composition (36). For example, the expo-
sure of fibroblasts to a mixture of fibronectin and the matrix
molecule tenascin results in the disassembly of F-actin and
other components of the focal adhesion structures (37) and a
concomitant cell detachment. Interestingly, this matrix envi-
ronment shifts signaling from those associated with polymer-
ization of actin to the recruitment of a serine-threonine kinase
(cyclic GMP dependent protein kinase, PKG [25]); While fi-
bronectin alone inhibits collagenase synthesis (noted above),
fibronectin plus tenascin promotes an expression of matrix
metalloproteinase (MMPs) (collagenase) (38). These studies
suggest that the 31 integrin fibronectin interaction may trigger
at least two separate signal transduction pathways which result
in the localized expression of MMPs for the removal or remod-
eling of matrices that are no longer functional or to facilitate
cell migration. Whether NO plays a similar role as tenascin,
i.e., an antiadhesive molecule, and modifies fibronectin-medi-
ated responses remains to be addressed.

A full understanding of the mechanism by which NO inter-
feres with the assembly of the focal adhesion complex also re-
mains to be determined. As noted above, we show that the ca-
pacity of NO to prevent assembly of focal adhesion complex is
reversed by an inhibitor of the cGMP-dependent protein
kinase. These data are consistent with a broad role of cGMP-
dependent protein kinase in the regulation of protein assembly
at focal adhesion complexes. Murphy-Ullrich and coworkers
(25) recently demonstrated that cGMP-dependent protein ki-
nase is required for thrombospondin or tenasin-dependent
focal adhesion disassembly and cytoskeletal reorganization. In
addition, NO may exert this effect via its capacity to stimulate
ADP-ribosylation reactions. We have previously shown that
NO inhibits actin polymerization in human neutrophils via
promoting ADP-ribosylation reactions (39, 40). The capacity
of NO to regulate the integrin-dependent signal transduction
pathway via its action to stimulate ADP-ribosylation of actin
or tho A in chondrocytes is currently under investigation. Al-
ternatively, NO may block the assembly of focal adhesion
complex via an action which inhibits the enzyme activity of
protein kinases other than cGMP-dependent protein kinase.
Danen et al. (8) examined cellular parameters necessary for
the activation of the integrin o531 in the K562 cell line, which
in the absence of stimulation with PMA fail to adhere to fi-
bronectin coated surfaces. Treatment with PMA stimulates ad-
herence, which in part, is due to the phosphorylation of 81 in-
tegrins by protein kinase C (PKC). Interestingly, NO has been
reported to inhibit PKC activity (41).

What are the implications of these findings for disease? In
osteoarthritis there is a loss of cartilage matrix which is accom-
panied by an increased expression of B1 integrins and fibro-
nectin (3, 4, 42-44). The effects of this increase of both ligand
and receptor in the disease process are unclear. However, the
increase may reflect a reparative attempt to remodel degener-
ative cartilage via an integrin generated signal. Our data dem-
onstrate that the assembly of a multiprotein activation com-
plex at sites of B1 integrin ligation is associated with increased
proteoglycan synthesis. We show for the first time in any cell
type that NO and NO-inducing cytokines interfere with the as-
sembly of the activation complex. We speculate that the capac-
ity of NO to inhibit Fn-dependent synthesis may be, in part,
due to disruption of the subplasmalemmal signaling complex.
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