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Reversion-inducing cysteine-rich protein with Kazal
motifs (RECK) is a membrane-anchored matrix met-
alloproteinase regulator, but its functions in cartilage
are not fully understood. The aim of the present study
was to examine the expression and functions of RECK
in human osteoarthritic (OA) cartilage. Quantitative
RT-PCR indicated that the expression level of RECK is
significantly higher in OA cartilage than in normal
cartilage. By immunohistochemical analysis, RECK
was localized to chondrocytes in OA cartilage, and the
immunoreactivity directly correlated with the Mankin
score and degree of chondrocyte cloning and prolif-
eration. In cultured OA chondrocytes, RECK was ex-
pressed on the cell surface by glycosylphosphatidyli-
nositol anchoring. The expression was stimulated by
insulin-like growth factor-1 and suppressed by inter-
leukin-1 and tumor necrosis factor-a. Down-regula-
tion of RECK by small interfering RNA showed re-
duced spreading and smaller focal adhesions in the
chondrocytes. Chondrocyte migration in a mono-
layer wounding assay was increased by down-regula-
tion of RECK and inhibited by RECK overexpression
in an matrix metalloproteinase activity-dependent
manner. On the other hand, chondrocyte prolifera-
tion was suppressed by RECK silencing, and this was
associated with reduced phosphorylation of focal ad-
hesion kinase and extracellular signal-regulated ki-
nase, whereas the proliferation was enhanced by
RECK overexpression. These data are the first to dem-
onstrate that RECK is up-regulated in human OA car-
tilage and suggest that RECK plays a role in chondro-
cyte cloning probably through suppression and
promotion of chondrocyte migration and prolifera-
tion, respectively. (4m J Pathol 2010, 176:2858-2867;
DOI: 10.2353/ajpath.2010.091003)
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Articular cartilage is composed of abundant extracellular
matrix (ECM) and a relatively small number of chondro-
cytes embedded within the ECM. The chondrocytes pro-
duce the ECM, which consists mainly of collagens and
proteoglycans. Various functions of chondrocytes are
mediated through the cell-ECM interaction. Osteoarthritis
is one of the most common joint diseases and is charac-
terized by degeneration of the articular cartilage. Al-
though the pathophysiology of osteoarthritis is not fully
understood, the imbalance between breakdown and re-
pair of the cartilage tissue is thought to be essential.
ECM-degrading proteinases such as members of the
matrix metalloproteinase (MMP) and a disintegrin and
metalloproteinase with thrombospondin motifs (ADAMTS)
gene families are known to play key roles in the break-
down of cartilage. On the other hand, chondrocyte clon-
ing, also known as chondrocyte cluster formation, is fre-
quently observed in osteoarthritic (OA) cartilage and
represents a proliferative repair process that could reflect
an effort by chondrocytes to repopulate the damaged
cartilage tissue and enhance ECM synthesis.> * Despite
the importance of chondrocyte cloning in cartilage repair,
molecules involved and the mechanisms remain unclear.

Reversion-inducing cysteine-rich protein with Kazal
motifs (RECK) is a membrane-anchored MMP regulator
molecule.®>€ It is a glycosylphosphatidylinositol (GPI)-an-
chored protein and negatively regulates at least four
MMPs (MMP-2, MMP-9, MT 1-MMP, and MMP-7), ADAM10,
and CD13 (aminopeptidase N).°° RECK is down-regu-
lated in many cancer tissues, and restored expression of
RECK in cancer cell lines results in reduced invasion,
metastasis, and angiogenesis.®® RECK-deficient mice
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show embryonic lethality with severe disruption of mes-
enchymal and neural tissue integrity, suggesting its piv-
otal roles in tissue homeostasis.® In contrast, tissue inhib-
itor of metalloproteinases (TIMP)-deficient animals are
viable with only mild phenotypes.’®~'? Although RECK is
expressed in murine embryonic cartilage and may mod-
ulate chondrogenesis,'® little or no information is avail-
able for the expression and functions in adult human
cartilage tissue and relevance to joint diseases.

In the present study, we examined the expression and
localization of RECK in human articular cartilage tissues
and found that RECK is up-regulated in OA cartilage,
especially in cloning chondrocytes. We also analyzed
regulation of RECK expression by cytokines and growth
factors and the effects of RECK on spreading, migration,
and proliferation using cultured OA chondrocytes.

Materials and Methods
Clinical Samples and Histology

Nonosteophytic articular cartilage samples were ob-
tained at the time of arthroplasty from knee (n = 23) and
hip (n = 4) joints of patients with osteoarthritis (mean +
SD age, 72.3 + 10.3 years) diagnosed according to the
criteria of the American College of Rheumatology.'* Con-
trol normal cartilage samples were obtained from the hip
joints (n = 9) of patients with femoral neck fracture
(mean = SD age, 83.3 = 10.0 years). The cartilage tissue
samples were fixed with 4% paraformaldehyde, decalci-
fied with 10% EDTA (pH 7.4), and embedded in paraffin.
Paraffin sections were stained with H&E or toluidine blue
and subjected to histological and histochemical grading
described by Mankin et al.? The degree of chondrocyte
cloning was determined by morphometry according to
our methods.'® Cartilage samples were also obtained
from knee joints (n = 18) of patients with rheumatoid
arthritis (RA) (mean = SD age, 58.9 *= 9.4 years) diag-
nosed according to the criteria of the American College
of Rheumatology,'® and paraffin sections were made.
Informed consent was obtained from the patients for the
experimental use of the surgical samples according to
the hospital ethics guidelines.

Quantitative RT-PCR

Total RNA was isolated directly from articular cartilage
tissue (10 OA and 8 normal samples) and reverse-tran-
scribed to cDNA as described previously.' The cDNA
was amplified in a TagMan real-time PCR assay accord-
ing to our methods.™”" '8 The relative quantification values
of RECK were normalized by those of an endogenous
control, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). For GAPDH, the mixture of the PCR primers
and probe was purchased from Applied Biosystems
(Foster City, CA). Nucleotide sequences of the primers
and probe for RECK were as follows: 5'-TGTTGACCT-
GTTTAGCGGATGT-3' (forward), 5'-GAAAAGTTCTGTT-
GGCCTGTTGT-3' (reverse), and 5-FAM-CTTGCCAGTT-
GGGCTGTAGAAACCTTACTTACTGTA-TAMRA-3’ (probe).
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The total gene specificity of the sequences of these prim-
ers and probe and the absence of DNA polymorphisms
were ascertained by BLASTN and Entrez (available at
http.//www.ncbi.nlm.nih.gov/).

Immunohistochemistry

Paraffin sections were pretreated by boiling in 10 mmol/L
citrate buffer (pH 6.0) for 10 minutes and subjected to
immunohistochemistry for RECK and proliferating cell nu-
clear antigen (PCNA) using mouse monoclonal anti-
RECK antibody (5B11D12, 2.7 ug/ml),>® rabbit poly-
clonal anti-PCNA antibody (FL-261, 1:200 dilution, Santa
Cruz Biotechnology, Santa Cruz, CA), or nonimmune
control IgG (BD Biosciences, Franklin Lakes, NJ). After
the reaction with peroxidase-conjugated secondary anti-
bodies (ENVISION+, Dako, Glostrup, Denmark), color
was developed with diaminobenzidine and sections were
counterstained with hematoxylin.

OA Chondrocyte Cultures and Stimulation with
Cytokines and Growth Factors

Chondrocytes isolated from human OA cartilage by
enzymatic dissociation were cultured in Dulbecco’s
modified Eagle’s medium/Ham’s F-12 (DMEM/F-12)
(Sigma-Aldrich, St. Louis, MO) supplemented with 10%
fetal bovine serum (FBS) and 25 wg/ml ascorbic acid
according to our methods.' They were used for ex-
periments at passage 1 to 2, and a chondrocytic phe-
notype of the cultured OA cells was confirmed by the
positive immunostaining of aggrecan and type Il colla-
gen according to our previous methods.'® Serum-
starved OA chondrocytes were treated with insulin-like
growth factor-1 (IGF-1) (Sigma-Aldrich), transforming
growth factor-g1 (TGF-B1) (R&D Systems, Minneapo-
lis, MN), interleukin (IL)-1a (Dainippon, Osaka, Japan),
tumor necrosis factor-a (TNF-a) (Dainippon), hepato-
cyte growth factor (HGF) (R&D Systems), basic fibro-
blast growth factor (bFGF) (Sigma-Aldrich), or vascular
endothelial growth factor (VEGF,45) (R&D Systems) in
serum-free DMEM/F-12 containing 0.2% lactalbumin
hydrolysate for 24 hours (for RT-PCR analysis) or 48
hours (for immunoblotting).

RT-PCR

Total RNA extracted from OA chondrocytes was sub-
jected to RT-PCR as described previously.'® The PCR
primers used were as follows: for RECK, 5'-CCTCAGT-
GAGCACAGTTCAGA-3' (forward) and 5'-GCAGCACA-
CACACTGCTGTA-3" (reverse)®®; and for GAPDH, 5'-
CCACCCATGGCAAATTCCATGGCA-3" (forward) and
5'-TCTAGACGGCAGGTCAGGTCCACC-3’ (reverse).'®
Expected sizes of the PCR products of RECK and
GAPDH were 477 and 600 bp, respectively.
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Immunoblotting

Cultured OA chondrocytes were washed twice with ice-
cold PBS and lysed in 25 mmol/L Tris-HCI, pH 7.5, 150
mmol/L NaCl, 1% Triton X-100, 0.1% SDS, and Protease
Inhibitor Cocktail Complete Mini (Roche, Basel, Switzer-
land) (the lysis buffer). Total cell lysates were subjected
to SDS-polyacrylamide gel electrophoresis under reduc-
ing conditions. The amount of loaded samples was
adjusted to equal cell number using a PicoGreen double-
stranded DNA quantitation kit (Molecular Probes, Eu-
gene, OR). For analysis of tissue extracts of OA cartilage,
cartilage tissue was minced, frozen with liquid nitrogen,
and pulverized in a Cool Mill (Toyobo, Osaka, Japan).
The powdered tissue was lysed in 50 mmol/L Tris-HClI,
pH 8.0, 8 mol/L urea, 1 mmol/L dithiothreitol, and 1
mmol/L EDTA at 4°C for 2 hours. Immunoblotting was
performed using specific antibodies as follows: anti-
RECK (5B11D12), anti-GAPDH (Abcam, Cambridge,
MA), anti-focal adhesion kinase (FAK) (Santa Cruz Bio-
technology), anti-phospho-FAK (Tyr®2%) (Cell Signaling
Technology, Danvers, MA), anti-phospho-FAK (Tyr®7¢/577)
(Cell Signaling Technology), anti-phospho-FAK (Tyr®®7) (BD
Biosciences), anti-extracellular signal-regulated kinase
(ERK) 1/2 (Cell Signaling Technology), and anti-phospho-
ERK1/2 (Cell Signaling Technology).

Treatment of Chondrocytes with
Phosphatidylinositol-Specific Phospholipase C

OA chondrocytes were incubated with PBS or phosphati-
dylinositol-specific phospholipase C (PI-PLC) (1 U/ml in
PBS, Molecular Probes) on ice for 30 minutes and fixed
with ethanol. Cells were incubated with anti-RECK anti-
body and then with Alexa Fluor 488-conjugated second-
ary antibody (Molecular Probes). Nuclei were stained
with TO-PRO-3 (Molecular Probes). PBS and PI-PLC so-
lution used above (supernatant) were collected and con-
centrated by Amicon Ultra (Millipore, Billerica, MA). Ly-
sates of treated cells were also collected. The samples
were subjected to SDS-PAGE and immunoblotting for
RECK.

Transfection of Small Interfering RNA or
Expression Plasmids

Small interfering RNAs (siRNAs) designed to target RECK,
ie, 5'-~AAGACCCAGCCCUUGCCUCAA-3’ (siRNA1)?" and
5'-GGUGUGUUUAAGAAGUCUGTT-3" (siRNA2) (siRNA
29149, Ambion, Austin, TX), and a nonsilencing control
RNA, 5-AACGUUGCGAUAGCGUAGUAC-3',2" were
synthesized. The expression vector containing human
RECK cDNA (pCXN2-hRECK) and empty vector (oCXN2)
were prepared.® Transfection of OA chondrocytes was
performed by electroporation using a Nucleofector kit
(Amaxa, Gaithersburg, MD) according to the manufac-
turer’s protocols. Cultured OA chondrocytes (passage 0O
to 1) were removed from a dish by enzymatic digestion
with collagenase (Roche) and pronase (Calbiochem,
Darmstadt, Germany), divided into three groups, and

transfected with nonsilencing RNA, siRNA1, or siRNA2. A
similar method was used for transfection of the RECK
expression vector and empty vector. Thus, the trans-
fected chondrocytes used in the comparative studies
were always at the same passage number. Cotransfec-
tion of the green fluorescent protein (GFP) expression
vector (pmaxGFP, Amaxa) was done to monitor success-
fully transfected cells.

Cell Adhesion and Spreading Assays

Adhesion of siRNA-transfected OA chondrocytes to
plates was assayed according to previous methods®#23
with some modifications. In brief, chondrocytes removed
from culture dishes with 0.02% EDTA in PBS were
washed and resuspended in DMEM/F-12. Equal numbers
of cells were added to 96-well plates, which had been
coated with or without fibronectin (BD Biosciences) or
type Il collagen (Koken, Tokyo, Japan) and allowed to
adhere at 37°C for 1 hour. The wells were washed briefly
with PBS, and adherent cells were fixed in 20% formalin
and stained with 1% methylene blue. The dye was solu-
bilized in a 1:1 mixture of ethanol and 0.1 N HCI, and
absorbance at 650 nm was measured. For evaluation of
cell spreading,?* equal numbers of dissociated chondro-
cytes were plated on 12-well plates (Nunclon Delta Sur-
face, Nunc, Roskilde, Denmark) cultured at 37°C for 1 to
3 hours in the presence or absence of 10 wmol/L BB94
(British Biotech, Oxford, UK) and then were stained with
1% methylene blue after fixation with 4% paraformalde-
hyde. The cell surface area on the plates was measured
using Scion Image software (Scion, Frederick, MD) for
more than 80 cells in each condition.

Fluorescent Staining of Chondrocytes
Cultured in Monolayer or in Three-Dimensional
Collagen Gel

For cell morphology analysis, culture dishes (Nunclon
Delta Surface) were noncoated or coated with fibronectin
or type Il collagen. OA chondrocytes were cultured on
these dishes for 48 hours in the presence or absence of
10 wmol/L BB94, 20 umol/L GM6001 (Calbiochem), or
0.1 umol/L TIMP-2 (R&D Systems), fixed with 4% para-
formaldehyde for 15 minutes, and permeabilized with
0.2% Triton X-100 in PBS for 10 minutes. Cells were
incubated with anti-paxillin (BD Biosciences) or anti-vin-
culin (Sigma-Aldrich) antibody and then with Alexa Fluor
594-conjugated secondary antibody (Molecular Probes).
F-actin was visualized with Texas Red-conjugated phal-
loidin (Molecular Probes). Nuclei were stained with TO-
PRO-3. Stained cells were imaged on a confocal micro-
scope (FV300, Olympus, Tokyo, Japan). Transfected OA
chondrocytes were also cultured at a cell density of 7 X
10° cells/ml in 0.4% atelocollagen gel (Koken) for 48
hours or 10 days as described previously,?® and F-actin
and nuclei were imaged with Texas Red-conjugated
phalloidin and TO-PRO-3, respectively.
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Figure 1. Enhanced expression of RECK in hu-

man OA cartilage and correlation between RECK

immunoreactivity and cartilage parameters. A:
— Quantitative analysis of RECK gene expression

in normal and OA cartilage tissue samples. Rel-
© ] ative RECK/GAPDH mRNA levels were mea-
sured by quantitative RT-PCR. Horizontal bars
indicate mean values. *P < 0.01. B: Immuno-
histochemical analysis of RECK in normal and
OA cartilage samples. Paraffin sections of nor-
mal cartilage (Mankin score 1), mild OA cartilage
(Mankin score 4), and severe OA cartilage (Man-
kin score 8) were immunostained with anti-
RECK antibody. The lower center panel is the
high-power view of the boxed area in the
lower left panel. The lower right panel

° shows severe OA cartilage immunostained with
nonimmune IgG. Scale bars = 25 um. C: Corre-
lations of RECK immunoreactivity with Mankin
score (left), degree of chondrocyte cloning
(center), and PCNA positivity (right). Open cir-
cle, normal cartilage samples (12 = 9); Closed
circle, OA cartilage samples (n = 27).
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Monolayer Wounding Assay

Cell migration activity was evaluated by a monolayer
wounding assay.?® Transfected OA chondrocytes were
grown to confluence on plastic culture plates and then
were cultured in DMEM/F-12 containing 10% FBS and 5
mmol/L hydroxyurea to inhibit cell proliferation.?” A uni-
form straight wound was made in the cell monolayer
using a 200-ul pipet tip. After floating cells were washed
out, the cells were cultured at 37°C for indicated times.
The open wound area was measured on photographs of
wounds using Scion Image software, and the wound
closure rate was calculated.

5-Bromo-2'-Deoxyuridine Incorporation Assay

Transfected OA chondrocytes were serum-starved over-
night and cultured with DMEM/F-12 containing 10 wmol/L
5-bromo-2’-deoxyuridine (BrdU) in the presence or ab-
sence of 11to 5% FBS (for 12 hours) or 300 ng/ml IGF-1
and/or 10 ng/ml TGF-B1 (for 45 hours). The cells were
fixed with ethanol, treated with 2 N HCI at 37°C for 60
minutes, and then immunostained with anti-BrdU anti-
body (Novocastra, Newcastle on Tyne, UK). BrdU-posi-
tive nuclei/total nuclei were counted under a microscope.

Statistical Analysis

A Mann-Whitney U-test was used to compare the data
from OA and normal cartilage samples. For the data from
experiments using OA chondrocytes, statistical signifi-

PCNA positivity (%)

cance was determined by a Student’s t-test. P < 0.05
was considered significant.

Results

Expression of RECK mRNA in Articular Cartilage

The relative mRNA expression level of RECK (RECK/
GAPDH ratio) was measured by quantitative RT-PCR. As
shown in Figure 1A, it was significantly higher in OA
cartilage (mean = SD, 2.93 * 1.76) than in normal control
cartilage (mean = SD, 1.00 = 0.41) (P < 0.01).

Immunolocalization of RECK in Articular
Cartilage

Immunohistochemical staining of articular cartilage tissue
demonstrated that RECK was localized to the cytoplasm
and cell membranes of the chondrocytes in OA samples,
whereas negligible staining was present in normal sam-
ples (Figure 1B). In the mild to moderate OA cartilage
tissue, RECK signals were restricted to chondrocytes
near the erosive surface. Chondrocytes in the deeper
zone showed negligible immunoreactivity. In the severe
OA cartilage tissue, RECK expression was detected in
many chondrocytes, especially in cloning (clustering)
chondrocytes, whereas chondrocytes without cloning lo-
cated in the deeper zone were negative for RECK (Figure
1B). When RECK immunoreactivity (the percentage of
immunostained chondrocytes to total cells) was plotted
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Figure 2. Expression of RECK in cultured OA chondrocytes. A: Expression
of RECK in the chondrocytes from three different patients (#1 to #3). mRNA
and protein expression of RECK were examined by RT-PCR and immuno-
blotting (IB). The MRC-5 cell line is used as positive control.” B: Immuno-
blotting of RECK in the tissue extracts of OA cartilage from two patients (#4
and #5) and cell lysates of freshly isolated OA chondrocytes. Molecular size
markers are indicated. C: Immunostaining of RECK (green) in OA chondro-
cytes treated with PBS or PI-PLC (1 U/ml in PBS). Nuclei are stained with
TO-PRO-3 (blue). Scale bar = 50 wm. D: Immunoblotting of RECK in
supernatants and cell lysates of PBS- or PI-PLC-treated chondrocytes.

against Mankin score (histological severity of OA), a
strong linear correlation was observed (r = 0.93, P <
0.0001, n = 36) (Figure 1C). RECK immunoreactivity was
also correlated with the degree of chondrocyte cloning
(r = 0.73, P < 0.0001, n = 36) and PCNA-positive cell
index (r = 0.85, P < 0.0001, n = 36) (Figure 1C).

We also immunolocalized RECK in RA cartilage and
compared the immunoreactivity between OA and RA
samples. RECK was sporadically immunostained in the
chondrocytes in RA cartilage (Supplemental Figure 1A,
see http://ajp.amjpathol.org). However, the RECK immu-
noreactivity was much lower in RA (6.1 = 12.8%) than in
OA samples (44.0 = 31.3%; P < 0.01) (Supplemental
Figure 1B, see http://ajp.amjpathol.org).

RECK Expression on the Cell Surface of
Cultured OA Chondrocytes via GPI Anchoring

When RECK expression was examined in cultured OA
chondrocytes by RT-PCR and immunoblotting, both
RECK mRNA and protein of 110 kDa were detected
(Figure 2A). Immunoblotting analysis of tissue extracts of
OA cartilage and cell lysates of freshly isolated OA chon-
drocytes also showed the RECK protein expression (Fig-
ure 2B). Immunofluorescent microscopy showed strong
RECK signals on the cell membranes in addition to weak
staining in the cytoplasm, and the immunostaining on the
cell membranes was reduced in the chondrocytes
treated with PI-PLC (Figure 2C). In accord with this find-
ing, the RECK protein was shifted from the cell fraction to
the supernatants by the PI-PLC treatment (Figure 2D).
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Figure 3. Effects of cytokines and growth factors on RECK expression in OA
chondrocytes. A: Effects of IGF-1, TGF-B1, IL-1a, and TNF-a on RECK
expression in OA chondrocytes. RECK expression was examined by RT-PCR
and immunoblotting (IB). B and C: Quantitative RT-PCR analysis (B) and
densitometric quantification of RECK signals on immunoblot (C). Concen-
trations of IGF-1, TGF-B1, IL-1«, and TNF-« are 300, 10, 10, and 10 ng/ml,
respectively. Values are means and SEM of three independent experiments.
*P < 0.05; *P < 0.01 versus control.

These results indicate that RECK protein is expressed on
the cell surface of cultured OA chondrocytes by GPI
anchoring.

Effects of Cytokines and Growth Factors on
RECK Expression in OA Chondrocytes

Serum-starved OA chondrocytes were treated with IGF-1,
TGF-B1, IL-1a, TNF-a, HGF, bFGF, or VEGF,gs, and
RECK expression was determined by RT-PCR and immu-
noblotting. Among these factors, the expression of RECK
mRNA and protein seemed to be up-regulated by IGF-1
and down-regulated by IL-1a and TNF-a (Figure 3A).
TGF-B1, HGF, bFGF, and VEGF,s; had no significant
effects (Figure 3A for TGF-B1 and data not shown for
others). Quantitative RT-PCR analysis and densitometric
analysis of RECK protein bands confirmed these findings
(Figure 3, B and C).

Effects of RECK on Chondrocyte Adhesion,
Spreading, Morphology, and Focal Adhesions

When OA chondrocytes were transfected with two differ-
ent siRNAs targeting RECK (siRNA1 and siRNA2) or non-
silencing control RNA (NS), expressions of RECK mRNA
and protein were effectively suppressed by siRNA1 or
siRNA2 to approximately 10% of the control levels (Figure
4A). Because RECK protein was localized mainly on the
cell surface, we explored changes in the cell-matrix in-
teraction of OA chondrocytes caused by RECK silencing.
In the cell adhesion assay, there was no difference in the
chondrocyte attachment to ECM (fibronectin or type Il
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Figure 4. Effects of RECK on cell spreading, morphology, and focal adhe-
sions of OA chondrocytes and on morphology of the cells in three-dimen-
sional culture. A: Down-regulation of RECK with two different siRNAs tar-
geting RECK (siRNA1 and siRNA2). The RECK expression was examined by
RT-PCR at 27 or 31 cycles and immunoblotting (IB). NS, nonsilencing control.
B: Effect of RECK on cell spreading of OA chondrocytes. Cell spreading was
evaluated 1 hour and 3 hours after plating on plastic culture plates in the
presence or absence of BB94 (10 wmol/L). Cell surface areas of more than 80
cells were measured in each condition. Bars, mean and SEM. **P < 0.01. C:
Morphology and focal adhesions of transfected OA chondrocytes. F-actin
visualized by Texas Red-phalloidin and focal adhesions immunostained with
anti-paxillin antibody (red) are shown in upper and lower panels, respec-
tively. Nuclei are stained with TO-PRO-3 (blue). Fluorescence (green) of
cotransfected GFP of the same cells is also shown. Scale bars = 50 wm. D:
Effects of RECK on morphology of OA chondrocytes in three-dimensional
culture. They were cultured for 48 hours or 10 days. Texas Red-phalloidin
staining for F-actin (red) and nuclear staining with TO-PRO-3 (blue). Scale
bars = 50 um.

collagen)-coated or noncoated plates between NS- and
siRNA-transfected cells (data not shown). However, cell
spreading on noncoated plates or ECM-coated plates
was significantly suppressed in siRNA-transfected cells
compared with NS-transfected cells at 3 hours after plat-
ing (Figure 4B for noncoated plates and data not shown
for ECM-coated plates). Similar results were obtained in
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the presence of BB94 (a broad spectrum synthetic MMP
inhibitor) (Figure 4B), indicating that this effect of RECK is
independent of its MMP-inhibiting activity.

Steady-state cell morphology of the transfected OA
chondrocytes labeled by GFP was compared at 48 hours
after plating on noncoated surfaces. NS-transfected cells
showed polygonal shape with actin stress fibers of mul-
tiple directions, but siRNA-transfected cells demon-
strated bipolar shape with parallel running of actin fibers
(Figure 4C, upper panel). When these cells were immu-
nostained with antibodies against paxillin or vinculin
(marker proteins for focal adhesions), focal adhesions of
NS-transfected cells showed large and long shape, but
those of siRNA-transfected cells showed small, dot-like
morphology (Figure 4C, lower panel for paxillin and data
not shown for vinculin immunostaining). Very similar re-
sults were obtained with OA chondrocytes cultured on
ECM (fibronectin or type Il collagen)-coated surfaces
(data not shown). We further examined the possible in-
volvement of MMP inhibitor activity of RECK in the mor-
phological changes by performing the experiments in the
presence of BB94, GM6001, or TIMP-2, all of which are
MMP inhibitors. The results showed that there is no dif-
ference in the findings in the presence or absence of
BB94, GM6001, or TIMP-2 (Supplemental Figure 1C, see
http.//ajp.amjpathol.org), indicating that this is indepen-
dent of the inhibitor activity.

When the transfected OA chondrocytes were cultured
for 48 hours in three-dimensional collagen gel, NS-trans-
fected cells evolved to a stellate shape with multiple cell
processes, but siRNA-transfected cells demonstrated a
bipolar shape with few cell processes (Figure 4D). These
morphological characteristics of NS- or siRNA-trans-
fected chondrocytes were maintained or even exagger-
ated at 10 days after the culture, and the cellularity in the
collagen gel was increased in NS-transfected cells com-
pared with siRNA-transfected cells (Figure 4D).

Effects of RECK on Chondrocyte Migration

The morphological data on the two- or three-dimensional
cultures of chondrocytes suggested the possibility that
RECK suppresses chondrocyte migration by modulation
of focal adhesion and cytoskeleton, both of which are the
key structures influencing cell migration.?® Therefore, we
evaluated effects of RECK on the chondrocyte migration
by monolayer wounding assay. As shown in Figure 5, A
and B, siRNA-transfected OA chondrocytes migrated
significantly faster than NS-transfected cells. BB94 sig-
nificantly inhibited the promoted migration of siRNA-
transfected cells, but little effect on NS-transfected cells
was observed (Figure 5C), suggesting that the suppres-
sion of chondrocyte migration by RECK protein is as-
cribed, at least in part, to MMP inhibition by RECK. On the
other hand, when RECK-overexpressing chondrocytes
were prepared using the expression vector of RECK, their
migration was significantly inhibited compared with empty
vector-transfected controls (Figure 5D).
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Figure 5. Effects of RECK on migration of OA chondrocytes. A: Represen-
tative micrographs of monolayer wounding assay. Straight wounds (between
dashed lines) were made at 0 hours, and migrated chondrocytes were
monitored. Representative photographs at 24 hours after wounding are
shown. B: Wound closure rate of chondrocytes transfected with siRNAs at
indicated times after wounding. Bars, mean * SEM. **P < 0.01 versus NS at
the same time point. C: Wound closure rates at 24 hours after wounding in
the presence of BB94 (10 wmol/L) or DMSO (vehicle). Bars, mean and SEM.
*P < 0.05. D: Suppressed wound closure rate by overexpression of RECK.
Chondrocytes were transfected with control empty vector (C) or RECK expres-
sion vector (R). *P < 0.05; **P < 0.01. Inset: Validation of RECK overexpression
by immunoblotting.

Effects of RECK on Chondrocyte Proliferation

FBS, IGF-1, and TGF-B1 are known to stimulate chondro-
cyte proliferation.?®3° Thus, we examined the effects of
RECK on the proliferation of OA chondrocytes treated
with these factors by a BrdU incorporation assay. As
shown in Figure 6, A and B, the treatment with FBS,
TGF-B1 alone, or IGF-1+TGF-B1 promoted proliferation,
and the IGF-1 treatment tended to stimulate proliferation
although it was not statistically significant. Down-regula-
tion of RECK by siRNA significantly reduced the FBS- or
growth factor-stimulated proliferation (Figure 6, A and B).
This effect was not changed by addition of BB94,
GM6001, or TIMP-2 (Figure 6, A and B, Supplemental
Figure 1D, see http.//ajp.amjpathol.org). In addition, over-
expression of RECK enhanced proliferation in the chondro-
cytes only under stimulation with FBS or IGF-1+TGF-B1
(Figure 6, C and D). These data indicate that RECK has a
positive role in OA chondrocyte proliferation, although MMP
inhibition by this molecule is not involved directly in this
process.

Effects of RECK on Cellular Signaling Events

To explore a possible link between changes in focal adhe-
sions and cell proliferation affected by RECK, we examined
the influence of RECK down-regulation on FAK and ERK
signaling in FBS-stimulated chondrocytes, because FAK is
one of the most important signaling molecules associated
with focal adhesions,®' and ERK is one of the major down-
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Figure 6. Effects of RECK on proliferation of OA chondrocytes induced with
serum or IGF-1+TGF-B1. A and B: Down-regulation of chondrocyte prolif-
eration by siRNAs targeting RECK. NS- or siRNA-transfected chondrocytes
were stimulated with FBS (A) or IGF-1, TGF-B, or IGF-1+TGF-B (B) in the
presence or absence of 10 wmol/L BB9%4, and BrdU incorporation was
measured. Bars, mean and SEM. **P < 0.01; *P < 0.01 versus NS without
mitogen. C and D: Enhanced chondrocyte proliferation by overexpression of
RECK. Chondrocytes transfected with control empty vector (C) or RECK
expression vector (R) were stimulated with FBS (C) or IGF-1+TGF-B (D).
=P < 0.01; *P < 0.05; **P < 0.01 versus the same transfectant without
mitogen.

stream effectors of FAK signaling relevant to proliferation.®?
As shown in Figure 7, major phosphorylation sites of FAK
(Tyr%2°, Tyr®7977 and Tyr®®’) were less phosphorylated in
siRNA-transfected chondrocytes than in NS-transfected
cells. Phosphorylation of ERK was also suppressed in
RECK-down-regulated chondrocytes.

Discussion

In the present study, we have provided the first evidence
that RECK is up-regulated by chondrocytes in articular car-
tilage of human OA. Quantitative real-time PCR shows that
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Figure 7. Effects of RECK on FAK and ERK signaling in OA chondrocytes.
Transfected chondrocytes were serum-starved and stimulated with 10% FBS
for 10 minutes, and then cell lysates were analyzed by immunoblotting using
antibodies against RECK, FAK, phosphorylation (p)-specific FAK (Tyr??>,

p-ERK1/2



the mRNA expression level of RECK is ~3-fold higher in OA
cartilage than in control normal cartilage. Immunolocaliza-
tion with specific antibody also shows that chondrocytes
located in the affected zones of OA cartilage express RECK
protein and the positivity levels of immunostaining increase
with severity of OA changes. In mouse embryos, RECK is
widely expressed in primordial tissues for various organs
such as blood vessels,® skeletal muscle,®® lung,®* brain,®
and cartilage.™® Although little or no information is available
about the RECK expression by chondrocytes in adult mice,
the expression by chondrocytes during cartilage develop-
ment is known in embryonic day 13.5 to 16.5 mouse em-
bryos, and the expression becomes up-regulated in the
later phase of chondrocytic differentiation of a chondro-
genic mouse cell line ATDC5."2 Clinical relevance of RECK
has been reported in many types of cancers and a small
number of chronic inflammatory diseases. In malignant tu-
mors, RECK is generally down-regulated, and a higher level
of residual RECK expression correlates with better progno-
sis in various solid tumors.®® Synovial tissues from patients
with rheumatoid arthritis, osteoarthritis, or trauma are re-
ported to express RECK, and the expression level is the
lowest in rheumatoid arthritis.3® Our findings in the present
study, however, add human OA cartilage in a list of tissues
with RECK overexpression in non-neoplastic diseases.
Up-regulation of RECK in OA cartilage suggests the
possibility that the expression by chondrocytes is regu-
lated by growth factors and/or proinflammatory cytokines
that are commonly present in OA joint tissues. This
prompted us to study the effects of seven factors (IGF-1,
TGF-B1, IL-1, TNF-a, HGF, bFGF, and VEGF) on RECK
gene expression, and we found that the expression is
promoted by IGF-1 and down-regulated by IL-1 and
TNF-a. Several suppressors of the RECK gene expres-
sion have been reported. Transfection of oncogenes
such as Ha-ras, HER-2/neu, or Epstein-Barr virus latent
membrane protein 1 to NIH3T3 cells or carcinoma cells
represses the RECK gene expression through binding of
Sp1 and Sp3 proteins to the binding site in the promot-
er.20:37:38 MicroRNA 21 is known to play a key role in
down-regulation of the RECK expression in human gli-
oma cells and gastric cancer cells,**° and granulocyte-
colony stimulating factor induces suppression of the ex-
pression in human and murine hematopoietic cells in the
phosphatidylinositol 3-kinase/Akt-dependent manner.*’
On the other hand, only TIMP-2 is known to promote the
RECK gene expression in human microvascular endothe-
lial cells through the a3B1 integrin-mediated activation of
Rap1.42® The present study is the first to demonstrate
that IGF-1, IL-1, and TNF-a can be involved in the regu-
lation of the RECK expression in OA chondrocytes, al-
though the intracellular signaling pathways for the regu-
lation of the gene expression remain to be elucidated by
further work. Previous in situ hybridization and immuno-
histochemical studies on OA cartilage have shown that
the expression of IGF-1 is observed mainly in the super-
ficial and cloning chondrocytes, whereas IL-1 and TNF-a
are expressed predominantly in chondrocytes in the in-
termediate and deep zones.**“° The different expression
pattern of these factors seems to be consistent with the
RECK expression observed mainly in the cloning chon-
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drocytes in OA cartilage. Our study also demonstrated
that the RECK immunoreactivity is significantly lower in
RA cartilage than in OA cartilage. Because the levels of
IL-1 and TNF-« in synovial fluids are much higher in
rheumatoid arthritis than in osteoarthritis,* it is interest-
ing to speculate that the decrease in number of chondro-
cytes in RA cartilage may be ascribed to the down-
regulation of RECK expression by these cytokines.
RECK was originally discovered as a cDNA clone in-
ducing flat reversion in NIH3T3 cells transformed by the
v-K-ras oncogene and shown to inhibit both secretion
and activity of MMP-9.° Subsequent studies have dem-
onstrated that RECK negatively regulates several mem-
bers of the MMP gene family including MMP-2, MT1-
MMP,® and MMP-7,° and other metalloproteinases such
as ADAM10® and CD13 (aminopeptidase N).” Although
these studies indicate that RECK acts as a metallopro-
teinase inhibitor, RECK differs in several points from
TIMPs, which are general MMP inhibitors. First, RECK
deficiency in mice is embryonic lethal, whereas knockout
mice of the TIMP species exhibit only minor pheno-
types.® 1972 Second, RECK, but not TIMPs, can modu-
late endocytic pathways of MT1-MMP and CD13, and this
function is closely related to lipid rafts (detergent-resis-
tant membrane).” Third, as shown in the present and
previous studies,®*” RECK is expressed on the cell mem-
branes via GPI anchoring. From these functional variety
and membrane localization of RECK, it may be possible
to think that RECK has non-MMP inhibitor functions such
as a modulator for the cell-ECM interaction of chondro-
cytes. In our study, we have shown that down-regulation
of RECK in cultured OA chondrocytes induces de-
creased cell spreading and smaller focal adhesions to-
gether with morphological changes from polygonal to
bipolar shape. These alterations by RECK silencing seem
to be due to non-MMP inhibitor activity of RECK, because
these effects were not influenced by addition of MMP
inhibitors (BB94, GM6001, and TIMP-2) or by ECM coat-
ing of the plates. Cell spreading and maintenance of cell
shape require the interaction between integrin-mediated
adhesion structures and the surface of plates,*®*° and
chondrocytes in culture and cartilage tissue are known to
possess paxillin/vinculin-positive focal adhesions.*®%° In
fact, our study showed that focal adhesions are well
organized in cultured OA chondrocytes and seem to be
disorganized by the RECK down-regulation. A recent
study using mouse embryonic fibroblasts indicated that
RECK could stabilize focal adhesions and anteroposte-
rior polarity of the cells.*” Although the mechanisms by
which RECK modulates cell spreading and morphology
of OA chondrocytes remain elusive, it seems likely that
RECK plays a role in the regulation of focal adhesions in
OA chondrocytes via its non-MMP inhibitor activity.
Migration activity of chondrocytes within cartilage tis-
sue is believed to be minimal.®" However, chondrocytes
in cartilage tissue are endowed with morphological fea-
tures of “motile cells,” which include abundant filopodias,
centrioles, cilia, and cytoskeletal fibers.®2°% In addition,
isolated chondrocytes show migration under culture con-
ditions on planar surfaces or even within three-dimen-
sional matrices.®"®* In the present study, we confirmed
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the migration activity of monolayer-cultured OA chondro-
cytes. Importantly, our study demonstrated that the mi-
gration is promoted by down-regulation of RECK with
siRNA and the enhanced migration is canceled with MMP
inhibitor BB94, suggesting that inhibition of chondrocyte
migration by RECK is due to its MMP inhibitor activity.
MT1-MMP and MMP-7, both of which are involved in cell
surface or pericellular proteolysis®®*® and can be inhib-
ited by RECK,®"° are expressed by chondrocytes, in-
cluding clustered chondrocytes in OA cartilage.'®>”
Thus, these lines of evidence suggest the possibility that
RECK functions as a negative regulator for chondrocyte
mobilization by inhibition of MMP activity.

One other interesting finding in the present study is that
RECK seems to be indispensable for the mitogen-induced
proliferation of OA chondrocytes. Although RECK itself had
no direct effects on chondrocyte proliferation, serum-, TGF-
B-, or IGF-1+TGF-B-induced stimulation of the cell prolifer-
ation required the RECK expression. Because the effect of
RECK silencing on proliferation was not rescued by BB94,
GM6001, or TIMP-2, this seems to be independent of the
MMP-inhibitor activity of RECK. RECK is a GPIl-anchored
protein without intracellular signaling domains, indicating
that RECK itself cannot act as a growth factor receptor. On
the other hand, integrin-mediated adhesion signals are
known to collaborate or cross-talk with growth signaling of
various growth factor receptors.®#°® In fact, FAK and ERK
are thought to be two major components of signaling cas-
cades linking cell-matrix interaction and proliferation.®? In
the present study, we showed that phosphorylation of FAK
and ERK is suppressed in RECK-silenced chondrocytes.
Altogether it is plausible to think that RECK positively regu-
lates growth factor signalings in OA chondrocytes through
modulation of the functions of growth factor receptors or
interactions with growth factors.

In summary, our data in the present study have demon-
strated that RECK is overexpressed mainly in cloning chon-
drocytes in OA cartilage and RECK favors growth factor-
induced proliferation of chondrocytes but suppresses their
migration. Cloning of chondrocytes is thought to be formed
by chondrocyte proliferation with limited migration and rep-
resent an incomplete repair process.>* Chondrocytes are
endowed with the ability to proliferate in response to growth
factors such as IGF-1 and TGF-B8 as shown in the present
and previous studies.?*3° Thus, one of the major obstacles
of cartilage repair is considered to be defective migration of
chondrocytes.®® If regrown chondrocytes could migrate ap-
propriately to repopulate the damaged articular cartilage,
more functional cartilage repair might be a result. Therefore,
timely modulation of RECK expression during regenerative
process of OA cartilage could contribute to improving repair
by tissue engineering or reparative medicine.
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