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The synovial lining of diarthrodial joints is composed
of a condensed network of synoviocytes that form an
intact layer via cell-to-cell contacts with significant
intercellular matrix spaces. However, the molecular
basis for synovial lining formation and its structural
integrity has not been previously defined. In this
study, using a three-dimensional fibroblast-like syno-
viocyte in vitro organ culture system, we provide
evidence that cadherin-11 expressed in fibroblast-like
synoviocytes plays a determining role in establishing
the synovial lining layer. Fibroblast-like synoviocytes
that were grown in three-dimensional matrices dem-
onstrated formation of a lining structure at the inter-
face between the matrix and the fluid phase. Treat-
ment of fibroblast-like synoviocyte organ cultures
with a cadherin-11-Fc fusion protein efficiently abro-
gated lining layer organization. Moreover, because
E-cadherin-expressing fibroblasts failed to organize a
lining layer structure at the tissue boundary, this
effect appears to be a distinct characteristic of fibro-
blasts expressing cadherin-11. We found that cad-
herin-11 mediated fibroblast-like synoviocyte cell-to-
cell adhesion via formation of adherens junctions
that were linked to and remodeled the actin cytoskel-
eton. Together, these studies implicate cadherin-11 in
synovial tissue and lining layer formation and pro-
vide an in vitro system to model fibroblast-like syno-
viocyte behavior and function in organizing the
synovial tissue. (4m J Pathol 2006, 168:1486—-1499; DOI:
10.2353/ajpath.2006.050999)

The synovium of diarthrodial joints is a highly organized
tissue that resides between the joint cavity and the fi-
brous joint capsule.”? In healthy states, the predominant
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cell type is of mesenchymal origin and demonstrates
fibroblast-like features.®>* These fibroblast-like synovio-
cytes (FLSs) condense and accumulate at the tissue-joint
cavity interface to form a distinct structure called the
synovial lining layer, which overlays the loosely packed
stroma. Architecturally, the synovial lining is distinct from
most other anatomical lining structures. In contrast to
epithelium or endothelium, the synovial lining layer lacks
specific adhesive structures such as tight junctions, des-
mosomes, and a discrete basement membrane.® In-
stead, the cells of the synovial lining condense together
through cell-to-cell contacts to form an intact layer with
significant intercellular matrix spaces.? Thus, the synovial
lining layer is composed of a condensed network of
synoviocytes within a lattice of extracellular matrix (ECM).
The synovial lining is responsible for the synthesis of
lubricants (eg, lubricin, hyaluronan) and for transudating
nutrients in the synovial fluid that facilitate joint motion
and support chondrocytes in the avascular cartilage.®™
In addition, the lining FLSs synthesize both components
of the ECM and degradative enzymes such as cathep-
sins, serine proteases, and matrix metalloproteinases
that are necessary for matrix turnover and cellular
movement.0~1°

During the course of rheumatoid arthritis, the inflamed
synovial tissue undergoes remodeling. The synovial lin-
ing becomes hyperplastic and forms a condensed tissue
mass, called pannus, which attaches to and invades the
cartilage from the periphery of the joint. FLSs and mac-
rophages comprise the major cell population of the hy-
perplastic synovial lining in rheumatoid arthritis. Further-
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more, FLSs are the predominant cellular lineage in the
invasive pannus tissue. The molecular mechanisms con-
tributing to condensation of FLSs and their aberrant be-
havior in the context of chronic inflammation remain
obscure.

Both embryonic tissue morphogenesis and postnatal
organization of tissues require stable cell-to-cell adhe-
sion to integrate cells into three-dimensional structures
that confer specialized tissue and cell functions.'® The
cadherin family of integral membrane proteins mediates
homotypic cell-to-cell adhesion via dimerization between
ectodomains of identical cadherin molecules on adjacent
cells.””~'9 During development, the expression of a cad-
herin results in the aggregation and compaction of cells
into a rudimentary tissue or lining.2°

Cadherin engagement triggers cadherin clustering
and association of the cadherin cytoplasmic tail with
intracellular catenins to form a molecular complex called
the adherens junction (AJ).2" At the cadherin cytoplasmic
tail two distinct domains have been identified. The cyto-
plasmic juxta-membrane domain associates with p120-
catenin whereas the distal domain binds B-catenin, which
in turn binds a-catenin.?’23 «-Catenin is a scaffolding
protein that functionally links the AJ to the actin cytoskel-
eton.?*727 |t has been implicated in actin bundling and is
required for the recruitment of signaling molecules to
AdJs, such as formin-1, which regulate the actin cytoskel-
eton.?® Actin cytoskeletal reorganization upon AJ forma-
tion induces changes in cell shape and stabilizes cell-to-
cell contacts.?® Cadherin-mediated cell-to-cell contacts,
however, are not static. These contacts are actively re-
modeled to allow cell rearrangements and the movement
of cells along other cells.3°~33 Thus, cadherins provide a
molecular means for the stable organization, orderly turn-
over, and remodeling of tissues.

Recently, we identified cadherin-11 expression on
FLSs by indirect immunohistochemistry of frozen synovial
tissue sections derived from rheumatoid arthritis patients
or healthy patients.®* Functional studies confirmed ho-
mophilic adhesion of cultured FLSs mediated by cad-
herin-11. In this report, we demonstrate that cadherin-11
expressed in human FLSs mediates formation of Ads that
are linked to and actively remodel the actin cytoskeleton.
Using a three-dimensional organ culture system, we find
that the establishment of synovial lining architecture in
vitro is critically dependent on cadherin-11 function.

Materials and Methods
Cell Culture

Discarded synovial tissues from rheumatoid arthritis pa-
tients (American College of Rheumatology criteria) were
obtained with approval of the Brigham and Women’s
Hospital Institutional Review Board from synovectomy or
joint replacement procedures. Synoviocyte cell suspen-
sions were prepared from synovial tissues by mincing
followed by gently rocking for 1 hour at 37°C in 1 mg/ml
of collagenase (type IV; Worthington Biochemicals, Lake-
wood, NJ) in HEPES-buffered saline (HBS) solution (20
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mmol/L HEPES, 137 mmol/L NaCl, and 3 mmol/L KCI, pH
7.4) containing 2 mmol/L CaCl,. The cell suspension was
passed through a 70-um cell strainer (BD Biosciences,
Bedford, MA) and placed in tissue culture flasks (BD
Labware, Lincoln Park, NJ), in RPMI medium 1640 (Life
Technologies, Inc., Gaithersburg, MD) supplemented
with 10% heat-inactivated fetal bovine serum (HI-FBS)
(Hyclone, Logan, UT), 2 mmol/L L-glutamine, 100 U/ml
penicillin, 100 wg/ml streptomycin sulfate, 50 umol/L
2-mercaptoethanol, and amino acids (Life Technologies,
Inc.)ina 37°C 5% CO, incubator. After the third passage,
confluent monolayers appeared fibroblast-like and were
negative for CD68, suggesting they were composed
mainly of FLSs, as previously described.®® For subse-
quent experiments, FLSs were released from the culture
dish using 0.02% (w/v) TPCK-treated trypsin (Worthing-
ton Biochemicals) in HBS containing 1 mmol/L CaCl,. In
the presence of CaCl,, cadherins are protected from
trypsin cleavage, and the cells are released as multicel-
lular aggregates as a result. Cadherin adhesive function
is dependent on the presence of calcium. To disrupt
cadherin-mediated cell-to-cell adhesive bonds, the cells
were then washed in HBS without CaCl,. This procedure
allowed generation of a single cell suspension while pre-
serving cadherin-11 molecules on the cell surface. The
murine fibroblast cell line L-M (CCL1.3, L cells; American
Type Culture Collection, Rockville, MD) was grown in
Dulbecco’s modified Eagle’s medium, high glucose, sup-
plemented with 10% HI-FBS, 2 mmol/L L-glutamine, 10
uwmol/L nonessential amino acids (Life Technologies,
Inc.), 100 U/ml penicillin, and 100 ug/ml streptomycin
sulfate at 10% CO.,. L-cell transfectants were grown in the
above medium with 0.8 mg/ml of hygromycin B (Invitro-
gen, Carlsbad, CA).

Plasmids and Generation of L-Cell-Cadherin-11
Stable Transfectants

The human cadherin-11 cDNA or E-cadherin cDNA was
inserted into the expression plasmid pCEP4 (Invitrogen).
L cells known to contain the catenins but no endogenous
cadherins, were transfected with pCEP4/cadherin-11,
pCEP4/E-cadherin, or with the empty pCEP4 vector as
described before.®* Transfected cells were selected by
culture in 0.8 mg/ml of hygromycin B, and cadherin ex-
pression was confirmed by flow cytometry (Supplemental
Figure 1, see http.//ajp.amjpathol.org).

Antibodies and Other Reagents

The monoclonal antibodies (mAbs) cadherin-11-3H10,
cadherin-11-5H6, anti-human E-cadherin (E4.6, 1gG1)
were developed previously in our laboratory. P3 (control
mouse 1gG1), affinity-purified goat anti-human 1gG, and
polyclonal anti-estrogen receptor-g8 antibody (rabbit 1g)
were purchased from Zymed (San Francisco, CA). Anti-
p120°" mAb (pp120, clone 98, mouse IgG1), anti-g-
catenin mAb (clone 14, mouse IgG1), and anti-mouse
MHC class | (H-2K¥; 36-7-5, mouse 1gG2a) were pur-
chased from BD Biosciences. Anti-a-catenin (rabbit an-
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tiserum) was purchased from Sigma, St. Louis, MO. Hu-
man plasma fibronectin was purchased from Invitrogen.
Cadherin-11-Fc protein and E-cadherin-Fc protein was
produced in our laboratory and purified as previously
described. The purity of the fusion protein was assessed
by sodium dodecyl! sulfate-polyacrylamide gel electro-
phoresis and Coomassie blue staining, and the concen-
tration was determined by Bradford assay using bovine
serum albumin (BSA) as the standard (Bio-Rad, Her-
cules, CA).

Cell Lysis and Immunoprecipitation

FLSs were grown to confluence, lysed, immunoprecipi-
tated, and analyzed by Western blotting essentially as
previously described except that the lysis buffer was 1%
Brij 96 in HBS with 2 mmol/L CaCl, and 5 mmol/L
MgCl,.2¢

Immunofluorescence and Flow Cytometry

For immunofluorescence, cells were cultured on cover-
glass, fixed in 2% paraformaldehyde in phosphate-buff-
ered saline (PBS) for 15 minutes, and permeabilized in
0.2% (w/v) saponin in PHEM-buffer (60 mmol/L Pipes, 25
mmol/L HEPES, 10 mmol/L EGTA, and 2 mmol/L MgCl,
pH 6.9) for 30 minutes. Coverslips were then blocked for
1 hour in blocking buffer (PHEM-buffer supplemented
with 5% fetal bovine serum and 2.5% donkey serum) and
incubated with primary antibodies (5 ug/ml for each) for
1 hour at room temperature. After washing three times
with blocking buffer, cells were incubated with Cy3-con-
jugated secondary antibody (diluted 1:800 in blocking
buffer; Jackson ImmunoResearch Laboratories, West
Grove, PA) and Alexa 488-conjugated phalloidin (1:2000
in blocking buffer; Molecular Probes, Eugene, OR) or
Cy2-conjugated secondary antibody (1:200 in blocking
buffer, Jackson ImmunoResearch Laboratories) for 1
hour at room temperature. Preparations were then
washed three times with blocking buffer, mounted in
vinol, and analyzed by confocal microscopy. For flow
cytometry, cultured cells were released and incubated
with primary antibodies in HBS with 1 mmol/L CaCl,
containing 2% human serum for 1 hour at 4°C. Cells were
then washed twice, incubated with fluorescein isothio-
cyanate-conjugated secondary antibody [goat F(ab)2
anti-mouse IgG; Caltag Laboratories, Burlingame, CA] for
1 hour at 4°C, washed twice, and analyzed on a FACScan
(Becton Dickinson, Mountain View, CA).

Synovial Organ Cultures

For cell organization experiments, we established a
three-dimensional in vitro culture model. Passaged FLSs
(passages 3 to 10) or L-cell transfectants were released
from the culture flask using trypsin in HBS containing 1
mmol/L CaCl, and washed once in HBS without CaCl,.
Cells were resuspended in ice-cold Matrigel Matrix (BD
Biosciences) or collagen matrix (Vitrogen; Cohesion, Palo
Alto, CA) (2 X 10° cells/ml ECM for FLS cultures: 1 X 107

cells/ml for L-cell cultures). Twenty-five-ul droplets of the
suspension were placed onto poly-2-hydroxyethyl-
methacrylate (poly-HEMA; Aldrich Chemical Co., Milwau-
kee, WI)-coated culture dishes. Poly-HEMA prevents at-
tachment of cells to the culture dish. Gelation was
allowed for 45 minutes at 37°C for Matrigel cultures and
75 minutes for collagen cultures. After this, the gel was
overlaid with culture medium [DME medium (Life Tech-
nologies, Inc.) supplemented with penicillin, streptomy-
cin, L-glutamine, nonessential amino acid solution, ITS
(BioWhittaker, Rockland, ME), and 0.1 mmol/L ascorbic
acid, 10% HI-FBS]. The floating three-dimensional culture
was maintained for various times as indicated; the me-
dium was routinely replaced every 3 days. Thereafter, the
three-dimensional culture was fixed with 2% (w/v) para-
formaldehyde in HBS containing 1 mmol/L CaCl,, for 2
hours, rinsed with ethanol several times, and embedded
in paraffin. Sections of the tissue-like structure were
stained with hematoxylin and eosin or stained for reticular
fibers using the Gomori silver impregnation technique.

Immunohistochemistry

Sections of synovial organ cultures were deparaffinized
with xylene, followed by washing in ethanol and rehydra-
tion in PBS. Endogenous peroxidase activity was blocked
with 0.5% hydrogen peroxide in PBS for 30 minutes at
room temperature. Sections were rinsed and incubated
for 1 hour at room temperature with 5% normal donkey
serum in PBS. Cadherin-11 was detected by incubating
sections with a polyclonal rabbit anti-cadherin-11 anti-
body (10 ug/ml, Zymed) for 1 hour. An isotype control
antibody (polyclonal anti-estrogen receptor-g) was used
as a control. Slides were washed, and the secondary
antibody (donkey anti-rabbit horseradish peroxidase,
Jackson ImmunoResearch Laboratories) was added for 1
hour at room temperature. Slides were washed, and the
Vectastain ABC kit (Vector Laboratories, Burlingame, CA)
was used to detect horseradish peroxidase activity. Sec-
tions were counterstained with hematoxylin and slides
were mounted using Cytoseal 60 (Richard Allan Scien-
tific, Kalamazoo, MI). Light microscopic images were
captured using a Leica DM LB2 light microscope (Leica
Microsystems, Wetzlar, Germany) using lens 20X/0.50
with a digital camera (model DFC 300, Leica) using Spot
software. Image processing was done using Adobe
Photoshop.

Results
Cadherin-11 Mediates AJ Formation in FLSs

A prerequisite for cadherin function in mediating stable
cell-to-cell adhesion is association with cytoplasmic
catenins and the actin cytoskeleton at the cadherin cyto-
plasmic tail. To visualize the components of Ads at sites
of cell-to-cell contact in FLSs, immunofluorescence stud-
ies were performed. Cells were plated onto coverglasses
at 50% confluence, cultured overnight, processed for
indirect immunofluorescence and stained with antibodies
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to cadherin-11, catenins including p120-catenin, B-cate-
nin, or a-catenin, and with phalloidin to label polymerized
actin. Confocal microscopic analysis revealed actin fi-
bers radiating internally from filopodia. The filopodia were
particularly numerous at sites of intimate cell-to-cell con-
tact (Figure 1A, top). At these sites, the anti-cadherin-11
antibody labeled a ladder-like series of lines, consistent
with AJs at interdigitating filopodia that have formed an
FLS cell-to-cell adhesion zipper (Figure 1A, top, middle).
A similar staining pattern was observed for p120-catenin,
B-catenin, and a-catenin, indicating localization of p120-
catenin, B-catenin, and a-catenin to FLS AJs (Supple-
mental Figure 2, see http://ajp.amjpathol.org). By con-
trast, isotype control antibodies did not label AdJs,
indicating that the staining for cadherin-11 or intracellular
catenins was specific (Figure 1A, bottom; and Supple-
mental Figure 2, see http.//ajp.amjpathol.org).
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Figure 1. Formation of cadherin-11-mediated AJs in FLSs. A: Cadherin-11 local-
izes to cell-to-cell contacts in cultured FLSs. FLSs were cultured on coverslips for
3 days and processed for indirect immunofluorescence microscopy using phal-
loidin to label F-actin (green) and anti-cadherin-11 (3H10) to label AJs. At sites
of cell-to-cell contact, FLSs demonstrated numerous filopodia-like processes that
interdigitated with filopodia from neighboring cells to form an adhesion zipper
(area in white box is magnified in inset). F-Actin fibers radiated internally from
intercellular junctions (green). The antibody to cadherin-11 labeled clusters of
AJs as short parallel lines (red). By contrast, an isotype control antibody did
not label AJs. B: Formation of cadherin-11-mediated AJs in FLSs. Western blot
detection of cadherin-11, B-catenin, a-catenin, and p120-catenin from FLS im-
munoprecipitates. Confluent FLSs were lysed with Brij 97. Components of AJs
were immunoprecipitated with antibodies against cadherin-11 (3H10), B-catenin,
or p120-catenin. An isotype antibody against an unknown antigen was used as a
control. B-Catenin, a-catenin, and pl20-catenin co-immunoprecipitated with
cadherin-11. Multiple p120-catenin species co-immunoprecipitated with cad-
herin-11 represent known isoforms of p120-catenin. Cadherin-11, a-catenin, and
p120-catenin were detectable in B-catenin precipitates. Cadherin-11, B-catenin,
or a-catenin were not detectable in p120-catenin precipitates.

To demonstrate that cadherin-11 forms a molecular
complex with intracellular catenins, confluent FLSs were
lysed and antibodies against cadherin-11, B-catenin,
p120-catenin, or isotype control immunoprecipitates
were then probed in Western blots with antibodies to the
components of the cadherin-catenin complex. For exam-
ple, Western blotting revealed that anti-cadherin-11 mAb
had co-immunoprecipitated B-catenin, a-catenin, and
p120-catenin (Figure 1B). Blotting with B-catenin anti-
body detected two distinct protein species that are con-
sistent with phosphorylated and unphosphorylated
B-catenin.®”*® Multiple p120-catenin species that co-im-
munoprecipitated with cadherin-11 represent the known
isoforms of p120-catenin.®® As a specificity control, cad-
herin-11 as well as intracellular catenins were not
detected from isotype control immunoprecipitates. In
reciprocal experiments, we found that anti-B-catenin
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Figure 2. Vinculin is a component of AJs in FLSs. Indirect immunofluorescence was conducted on FLSs that were cultured for 3 days on coverslips using phalloidin
(green) to label F-actin, an antiserum to a-catenin (green), or an antibody to vinculin (red). A: The antibody to vinculin (red) labeled focal contacts (short arrows) as
well as AJs (long arrow points to adhesion zipper with multiple clusters of AJs labeled as short parallel lines). B: The antiserum to a-catenin labeled AJs but not focal
contacts. Co-localization of vinculin and a-catenin at AJs resulted in yellow labeling at sites of cell-to-cell contact in the merged picture (long arrow).

co-immunoprecipitated cadherin-11, «-catenin, and
p120-catenin. By contrast, cadherin-11, B-catenin, and
a-catenin were not detectable from p120-catenin immu-
noprecipitates. Because p120-catenin co-immunopre-
cipitated with cadherin-11 as well as B-catenin, this find-
ing suggests that only a minor fraction of the cytoplasmic
p120-catenin pool associates with the cadherin-11 com-
plex. Together with the immunofluorescence studies,
these experiments indicate that formation of AJs at sites
of cell-to-cell contact in FLSs involves cadherin-11, intra-
cellular catenins, and the actin cytoskeleton.

AJ Formation in FLSs Involves Recruitment of
Vinculin

The intricate link between actin filaments and cad-
herin-11 AJds was evident by immunofluorescence mi-
croscopy, where cell-to-cell junctions linked to radial ac-
tin fibers (Figure 1A). Formation of stable cell-to-cell
contacts involves clustering of cadherins and catenins
and recruitment of molecules that regulate actin cytoskel-
etal dynamics. Vinculin is a cytoskeletal protein that
serves as a scaffold for molecules required for actin
cytoskeletal reorganization.*® Vinculin localizes to focal

contacts (cell-to-matrix adhesion complex) as well as Ads
(E-cadherin-mediated adhesion complex) in epithelial
cells.#0:41

To determine whether vinculin localizes to the cad-
herin-11 AJs, FLSs were plated onto coverglasses, cultured
overnight, processed for indirect immunofluorescence, and
co-stained with antibodies to vinculin and a-catenin or phal-
loidin. At sites of intimate cell-to-cell contact, confocal mi-
croscopy revealed vinculin-specific staining in a ladder-like
series of lines similar to the cadherin-11 staining pattern
(Figure 2A, long arrows). Like the cadherin-11 antibody, the
vinculin antibody labeled adhesion zippers. However, in
contrast to cadherin-11, the vinculin antibody also labeled
other F-actin-associated structures at the cell periphery that
are consistent with localization of vinculin to integrin-medi-
ated focal contacts (Figure 2A, short arrows). Double-
immunofluorescence staining using antibodies against
a-catenin and vinculin revealed co-staining at sites of cell-
to-cell contact, further demonstrating that vinculin localizes
to the cadherin-11-B-catenin-a-catenin complex (Figure 2B,
long arrows). Differential labeling of specific structures at
the cell periphery that were labeled with the vinculin anti-
body but not the a-catenin antibody is consistent with local-
ization of vinculin to focal contacts from which a-catenin is
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Figure 3. Cadherin-11 engagement stimulates actin polymerization and actin cytoskeletal reorganization. A: FLSs were plated on protein-coated coverslips as
indicated in the absence of serum for the indicated times, fixed, permeabilized, stained for F-actin (phalloidin-Alexa 488, green), and analyzed by confocal
microscopy. Note time-dependent cell spreading. After 30 minutes the cells plated on cadherin-11-Fc fusion protein demonstrated radial spikes (middle, long
arrows) and lamellipodial protrusions (middle, short arrows). After 90 minutes pronounced cell spreading was accompanied by the formation of radial actin
fibers (right, long arrows) and circumferential actin fibers (right, short arrows). In contrast, in FLSs plated on poly-i-lysine, radial actin fibers and lamellipodial
protrusions were not detectable. B: FLSs were plated on cadherin-11-Fc fusion protein-, fibronectin-, or BSA-coated coverglasses. Cadherin-11-Fc induced
pronounced cell spreading and actin fiber formation in a similar way as fibronectin, whereas BSA failed to induce cell spreading. Scale bars, 10 wm.

excluded. Thus, vinculin is found both in integrin-mediated
focal contacts and in cadherin-11-mediated AJs.

The Cadherin-11 AJds Stimulate Actin
Polymerization and Remodeling

The fluorescence experiments above describe the forma-
tion of cadherin-11-mediated AJs in FLSs. Here, we
probed the role of the cadherin-11-catenin complex in
polymerizing actin and reorganizing the actin cytoskele-
ton, linked to the cadherin-11 complex. Importantly, actin
polymerization and reorganization upon cell-to-cell con-
tact provide the physical force necessary to stabilize
cell-to-cell adhesion, to induce changes in cell shape,

and promote movement of cells along other cells. We
used the cadherin-11-Fc fusion protein to determine cad-
herin-11 function in mediating actin dynamics (Supple-
mental Figure 3, see http://ajp.amjpathol.org).>* Cover-
glasses were precoated with cadherin-11-Fc fusion
protein or control protein (poly-L-lysine, fibronectin) and
then blocked with BSA. Cultured FLSs were serum-
starved for 18 hours, released from the culture dish, and
seeded onto coverslips in the absence of serum to ex-
clude any effect of integrin binding to serum compo-
nents. When FLSs were seeded onto cadherin-11-Fc fu-
sion protein (10 pg/ml)-coated coverglasses, changes in
cell shape and cytoskeletal organization were observed
as a function of time (Figure 3A, top). After 15 minutes,
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small polygonally shaped FLSs formed short cellular pro-
jections reaching out attached to the molecular stratum.
After 30 minutes, further cell spreading characterized by
numerous radial spikes extending out from the cell bor-
der was observed (Figure 3A, top, middle; long arrows).
At the cell periphery, phalloidin labeled multiple, broad-
based projections consistent with lamellipodial protru-
sions (Figure 3A, top, middle; short arrows). After 90
minutes, pronounced cell spreading was apparent. Nu-
merous actin fibers radiated internally from multiple cel-
lular extensions (Figure 3A, right; long arrows). Addition-
ally, circumferential fibers became visible (Figure 3A,
right; short arrows). In contrast to cadherin-11-Fc-in-
duced cytoskeletal changes, poly-L-lysine failed to in-
duce radial actin fibers as well as lamellipodial protru-
sions (Figure 3A, bottom).

To compare the effect of cadherin-11 engagement
on actin remodeling with that of fibronectin, FLSs were
also plated on fibronectin-coated coverglasses. Fi-
bronectin is a component of the ECM that can induce
actin dynamics by binding to integrin receptors. As
expected, FLSs seeded onto fibronectin demonstrated
pronounced cell spreading and numerous actin fibers
similar to the cadherin-11-Fc fusion protein after 90
minutes of incubation (Figure 3B). Because cadherin-
11-Fc-, poly-L-lysine-, or fibronectin-coated cover-
glasses were blocked with BSA to prevent nonspecific
attachment of FLSs to the coverglass, we plated FLSs
on coverglasses that were solely coated with BSA to
control for any attachment factors that might be
present in the BSA preparation. In this situation, only a
few cells adhered to the coverglass after 90 minutes of
incubation. These FLSs appeared small in size with
only a few short cellular extensions, indicating that BSA
did not support FLS spreading (Figure 3B).

To illustrate further specific cadherin-11-induced ac-
tin cytoskeletal changes, FLSs were plated on cad-
herin-11-Fc- or fibronectin-coated coverglasses for 90
minutes and co-stained with phalloidin and antibodies
to catenins. When plated on cadherin-11-Fc, the anti-
body to B-catenin labeled distinct broad-based struc-
tures at the cell periphery consistent with lamellipodia
(Figure 4, top; short arrows). Underlying the cell bor-
der, circumferential actin fibers were visible. Addition-
ally, multiple actin fibers radiated internally from the
cell periphery. These fibers emanated from short line-
like structures that were labeled with the antibody to
B-catenin (Figure 4, top; long arrows). Staining with
antibodies to a-catenin or p120-catenin revealed sim-
ilar structures at the cell periphery, suggesting that
these structures represent clustered cadherin-11-me-
diated AJs (Figure 4, middle; long arrows). To test
whether or not these clusters are specifically induced
by cadherin-11 engagement, FLSs were also plated on
fibronectin and stained with antibodies to a-catenin or
paxillin. Paxillin is a component of cell-to-matrix adhe-
sion complex and labels integrin-mediated focal con-
tacts. Indeed, paxillin staining revealed numerous fo-
cal contacts in FLSs that have spread on fibronectin
(Figure 4, bottom; long arrows). These focal contacts
were not detected by the antibody to a-catenin, indi-

cating that a-catenin specifically localizes to cadherin-
11-mediated AJs but not focal contacts. Thus, we con-
clude that cadherin-11 engagement in FLSs stimulates
cell spreading, actin polymerization, and reorganiza-
tion. This activity was accompanied by organized for-
mation of clusters of cadherin-11 AJs, dependent on
time, and specifically induced by homophilic cadherin
interactions and not by ECM.

FLSs Cultured in Three-Dimensional Matrices
Establish a Tissue Structure Resembling
Synovial Architecture

Cadherin-mediated cell-to-cell adhesion and cadherin-
stimulated cytoskeletal reorganization are closely inter-
twined processes that allow cells to organize into a tissue
structure. The capacity of cadherin-11 in FLSs to mediate
cell-to-cell adhesion and provoke cytoskeletal dynamics
led us to propose that cadherin-11 participates in estab-
lishing a synovial lining structure. To test this hypothesis,
we developed an in vitro three-dimensional organ culture
system to model the synovial lining of the joints. Human
FLSs embedded in Matrigel were cultured in a floating
micromass, simulating the connective tissue border with
the fluid-filled joint cavity. Matrigel is a solubilized base-
ment membrane preparation that is rich in matrix compo-
nents such as laminin, collagen type IV, and heparan
sulfate proteoglycans. It provides a scaffold to enable
cultured, disaggregated FLSs to re-establish three-di-
mensional cellular organization present in the synovial
lining. Human FLSs were homogeneously dispersed into
liquid Matrigel at 4°C and drops were placed onto culture
dishes. After warming to 37°C, solidification occurs, and
the floating spheres were then cultured in media for 21 to
28 days (Figure 5A). Dramatic changes in cellular mor-
phology were noted throughout time by phase contrast
microscopy. Initially, the FLSs were isolated, single round
cells dispersed evenly through the matrix (Figure 5B,
left). After 2 days in culture, fine processes began to
emanate from the cell bodies (Figure 5B, middle; short
arrows). After 3 weeks, the FLSs were elongated and
spindle-shaped, exhibiting typical fibroblast-like appear-
ance (Figure 5B, right; long arrows). Strikingly, the three-
dimensional organ culture revealed the condensed ac-
cumulation of FLSs forming a lining-layer-like structure at
the interface between the matrix and the fluid phase
when examined histologically (Figure 5C). This organized
lining layer overlaid a sparsely populated matrix. This
tissue-like structure remarkably resembled in vivo syno-
vial lining, suggesting that FLSs have an intrinsic capac-
ity to establish synovial architecture. Immunohisto-
chemical analysis using anti-cadherin-11 antibody
demonstrated cadherin-11-specific reactivity at the lining
layer, as well as on cells in the sublining area (Figure 5D,
red-brown staining). This staining pattern was strikingly
similar to the ex vivo staining pattern we found for the
normal human synovium.3*
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Figure 4. Cadherin-11-stimulated cell spreading of FLSs is accompanied by clustering of AJs. FLSs were seeded on cadherin-11-Fc- or fibronectin-coated coverslips (10
rg/ml, respectively) and incubated for 90 minutes followed by indirect immunofluorescence using antibodies as indicated. Phalloidin staining revealed lamellipodia (top,
short arrow), radial actin fibers (top, long arrows), and circumferential actin fibers (top). The antibody to B-catenin labeled lamellipodia (top, short arrow) and
clusters of AJs (top, long arrows) at the cell periphery of FLSs seeded on cadherin-11-Fc-coated coverslips. Note radial actin fibers emanating from clusters of AJs. The
a-catenin antiserum and the antibody to p120-catenin both detected clusters of AJs at the cell periphery similar to the B-catenin antibody (middle, long arrows). In FLSs
plated on fibronectin, the antibody to paxillin labeled focal contacts that were not detected by the a-catenin antiserum (bottom, long arrows).

Cadherin-11 Localizes to Cell-to-Cell Contacts
of FLSs Grown in Three-Dimensional Organ
Culture

To test whether or not lining layer formation could be ob-
served in a three-dimensional organ culture system that
uses a second matrix composition as a scaffold instead of
Matrigel, FLSs were dispersed in Vitrogen, a matrix prepa-
ration containing mainly collagen type | and a low percent-
age of collagen type IIl. Moreover, by use of Vitrogen in-
stead of Matrigel, AJs were more readily accessible to
antibody staining, thus allowing analysis of the structure of
intercellular junctions of FLSs grown in three-dimensional

organ cultures by immunofluorescence and confocal mi-
croscopy. We used phalloidin to label polymerized actin
and antibodies to cadherin-11 and B-catenin to label AJs.
We found that FLSs dispersed in Vitrogen established a
lining structure at the interface between the matrix and the
fluid phase similar to that seen in Matrigel FLS synovial
organ cultures (Figure 8B, left). As determined by immuno-
fluorescence, cellular condensation in the lining layer was
associated with numerous cadherin-11- or B-catenin-la-
beled AJs, staining as a pattern of jagged lines (Figure 6A).
Phalloidin staining revealed bundles of actin fibers that were
oriented along the longitudinal axis of the cell. These fibers
radiated internally from Ads. Beneath the lining layer FLSs
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Figure 5. FLSs establish a synovial lining-like structure when cultured in three-dimensions. A: Schematic representation of the three-dimensional organ culture
system. FLSs are dispersed as single cells in liquid ECM and placed on a poly-HEMA-coated culture dish to prevent attachment of the micromass to the culture
plastic. The ECM was allowed to solidify at 37°C, overlaid with medium, and cultured as a floating sphere. B: Phase contrast microscopic appearance of FLSs
cultured in three-dimensional matrix. Immediately after plating, the FLSs were round shaped and isolated. After 2 days in culture, the cells demonstrated thin
cellular extensions (short arrows) and became more elongated. At day 21, the FLSs had developed a spindle-like cell shape (long arrows depict a
spindle-shaped FLS embedded within the matrix). C: Lining layer formation at the interface between the matrix and the fluid phase. After 3 weeks in culture, the
three-dimensional structure was fixed with 2% paraformaldehyde and embedded in paraffin, and sections were stained with H&E. Strikingly, at the tissue interface,
the FLSs established a lining structure one to three cell layers thick. The lining layer was overlaying a sparsely populated ECM. D: Immunohistochemistry on
three-dimensional FLS synovial organ cultures. In Matrigel dispersed FLSs were cultured for 28 days. The tissue-like structure was fixed, embedded in paraffin,
and sections were processed for immunohistochemistry using antiserum against cadherin-11 or control serum. Cadherin-11-specific reactivity was detected at the

lining layer and in cells of the sublining area.

were spindle shaped with long cellular extensions that were
connected to neighboring cells (Figure 6A). As a control, an
isotype antibody to E-cadherin did not label Ads (Figure
6B). These results demonstrate the formation of cad-
herin-11 mediated AJs that are linked to the actin cytoskel-
eton in FLSs grown in three-dimensional organ culture.

Lining Layer Formation Is a Characteristic
Function of Cells Expressing Cadherin-11

Given the role of cadherin-11 in AJ formation and actin
remodeling noted above, we explored whether establish-
ing the lining architecture is due to cadherin-11 expres-
sion. For this purpose, we used L-cell fibroblast clones
stably expressing cadherin-11 and compared them to
control L cells stably expressing E-cadherin or empty
vector (no cadherin) (Supplemental Figure 1, see http://
ajp.amjpathol.org). L cells are frequently used for expres-
sion of transfected cadherins because they lack expres-
sion of an endogenous cadherin, but they contain the
intracellular catenins needed for proper cadherin func-
tion. Strikingly, when cultured in three-dimensional matri-
ces for 7 days, cadherin-11-expressing L cells estab-
lished a condensed cellular lining layer at the interface
between the matrix and the fluid phase (Figure 7). E-
cadherin-expressing L cells formed tight aggregates
within the matrix but did not condense into a lining at the
interface between the matrix and the fluid phase. The
vector control L cells formed only loose aggregates with-

out a lining structure. This comparison of otherwise iden-
tical L cells, except for the type of cadherin expression,
underscores the role of cadherin-11 in lining formation.

Blockade of Cadherin-11 Abrogates Lining
Formation by Human FLSs

We next examined whether lining layer formation in the
synovial organ culture could be disrupted by a cadherin-
11-Fc fusion protein. The studies above (Figures 3 and 4)
showed that cadherin-11-Fc functioned in binding cellu-
lar cadherin-11. Thus, we examined its ability to compete
with intercellular cadherin-11 binding. Cultured FLSs
were released and preincubated with the cadherin-11-Fc
fusion protein, human IgG1 (isotype matched to the cad-
herin-11-Fc fusion protein), or E-cadherin-Fc fusion pro-
tein (100 ug/ml, respectively). The cells and proteins
were then dispersed in Matrigel or Vitrogen, and the
three-dimensional culture was maintained in the pres-
ence of cadherin-11-Fc protein, human IgG1, or E-cad-
herin-Fc protein (100 wg/ml, respectively) for 10 to 16
days. Importantly, cadherin-11-Fc markedly impaired lin-
ing formation in the three-dimensional cultures. When the
three-dimensional cultures were treated with control IgG1
or E-cadherin-Fc fusion protein, a lining layer at the inter-
face of the three-dimensional culture was still detected
(Figure 8, A and B; left). In contrast, when treated with
cadherin-11-Fc, the FLSs embedded within the matrix
were no longer able to condense into a lining layer at the
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cadherin-11 (red), phalloidin (green)
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Figure 6. Cadherin-11 localization to cell-to-cell junctions. A: FLSs were dispersed in collagen (Vitrogen) and cultured for 5 days. Thereafter, the three-
dimensional structure was fixed with 2% paraformaldehyde, permeabilized with 0.2% saponin, and stained with phalloidin (green), the SH6 antibody to
cadherin-11 (red), and DRAQS5 to label nuclei (blue). The FLSs were analyzed by confocal microscopy. Several z-sections were rendered together. Consistent with
AJ formation, specific cadherin-11 reactivity was detected at sites of cell-to-cell contact (area in white box is magnified in inset). From AJs, actin fibers radiated
internally along the longitudinal axis of the FLS. Note the condensed network of cells forming a lining structure at the interface between the matrix and the fluid
phase. B: The isotype control antibody did not detect AJs at sites of cell-to-cell contact. Scale bars, 20 um.

interface between the matrix and the fluid phase (Figure
8, A and B; right). Together with the experiments using
L-cell transfectants, these results emphasize that cad-
herin-11 function is critical for the ability of cells to estab-
lish a lining structure that resembles the in vivo synovial
architecture. Moreover, this activity is specific for cad-
herin-11, because E-cadherin expression did not result in
lining layer formation.

Cadherin-11-Orchestrated Lining Formation
Determines Organization of Reticular Fibers

A primary function of fibroblasts is the production and
organization of the ECM. FLSs are major participants in
the continuous process of matrix remodeling by produc-
ing matrix components and matrix-degrading enzymes,
and by directing fibrillogenesis. In particular, fibroblasts
have been implicated in the formation of reticular fibers.
Reticular fibers are supramolecular ECM structures char-
acterized by a core of collagen fibrils (collagen type |,

collagen type Ill) ensheathed by proteoglycans.**43

These fibers provide a three-dimensional framework for
the physical integrity of tissues. To address the question
whether or not cadherin-11-directed cellular organization
impacts organization of reticular fibers, we used the Go-
mori silver staining technique to label reticular fibers on
three-dimensional FLS organ cultures. We find that cad-
herin-11-directed formation of a lining layer is associated
with numerous reticular fibers at the lining layer that are
oriented linearly along the condensed network of FLSs at
the interface between matrix and the fluid phase in both
Matrigel synovial organ cultures (Figure 8C, left) and
Vitrogen synovial organ cultures (not shown). Reticular
fibers were also found in the sublining area associated
with FLSs in an ordered manner. The treatment of such
cultures with E-cadherin-Fc had no effect on reticular
fiber formation (Figure 8C, left). In contrast, in three-
dimensional FLS cultures treated with the cadherin-11-Fc
fusion protein, reticular fibers that were oriented along the
tissue border were missing (Figure 8C, right). Moreover,
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Cadherin-11 L-cells

Figure 7. Cadherin-11 expression confers on cells the ability to establish a
lining layer at the interface between the matrix and the fluid phase. L-cell
transfectants as indicated were dispersed in Matrigel, cultured for 7 days, and
processed for histochemistry. H&E-stained sections revealed condensed ac-
cumulation of cadherin-11 L cells at the tissue interface and cell aggregates in
the sublining area. By contrast, E-cadherin L cells formed tight aggregates but
failed to establish a lining structure. Vector control L cells formed loose
aggregates without forming a lining layer at the tissue interface. Original
magnifications, X200.

although numerous reticular fibers within the matrix were
present, they were not organized in any particular orien-
tation. Together, these results indicate that cadherin-11-
mediated lining formation determines organization of re-
ticular fibers that are critical for the integrity of the tissue.

Discussion

Previously, the molecular basis for synovial lining archi-
tecture was not known. In this study, we provide evidence
that cadherin-11 plays a critical role in directing FLS
formation of the synovial lining layer. FLSs that were
grown in three-dimensional matrices established a lining
structure at the interface between the matrix and the fluid
phase. Treatment of three-dimensional FLS organ cul-

tures with the cadherin-11-Fc fusion protein inhibited lin-
ing layer formation. Because E-cadherin failed to induce
a lining layer at the tissue interface, this effect appears to
be a distinct characteristic of cadherin-11.

Cadherins have emerged as major morphogenic fac-
tors as they function to mechanically integrate cells into
tissues.'® Cadherins are expressed in most solid tissues,
and their expression is associated with distinct tissue
structures, such as epithelial layers.** During embryonic
development, the epithelial (E-) cadherin controls the
formation of epithelial structures, and, in adult tissues, it is
required for the maintenance of epithelial lining integrity
and architecture.**%® Cadherin-11 is associated with
mesenchymal tissues and is expressed in FLSs.3*47 In
particular, it is abundantly expressed in FLSs of the sy-
novial lining layer of the normal as well as diseased
human synovium. Together with the results presented
here, these findings suggest that cadherin-11 functions
to integrate FLSs into the synovial lining layer, much as
E-cadherin functions to integrate epithelial cells into ep-
ithelial layers.

Beyond cell-to-cell adhesion, cadherins are increas-
ingly recognized as central players in a variety of cell
functions including cell migration and cell invasion.*®-5°
By controlling these cellular activities, they are thought to
differentially regulate the behavior of the respective cell
types in which they are expressed.?® During embryonic
development, cadherin-11 expression correlates with a
migratory cellular phenotype.®"®? Evidence for cad-
herin-11 functionally modulating cell mobility derives from
studies that demonstrate the requirement of cadherin
conversion from E-cadherin to cadherin-11 to allow cells
to dissociate from the tightly adherent epithelial layer and
to rearrange to form new structures.®® Our results are
consistent with the proposal that cadherin-11 influences
the migratory behavior of cells differently from E-cad-
herin. E-cadherin-expressing L cells formed tight aggre-
gates within the three-dimensional matrix but failed to
accumulate at the periphery of the micromass. By con-
trast, cadherin-11 expression enabled cells to accumu-
late and condensate at the tissue boundary, suggesting
increased mobility of cadherin-11-expressing cells when
compared to E-cadherin-expressing cells.

In the context of inflammatory arthritis, FLSs participate
in profound changes in synovial tissue organization. In
particular, rheumatoid synovitis is characterized by the
formation of a condensed mass of FLSs that encroaches
over and invades the cartilage. It is intriguing that cad-
herin-11 has been implicated in the regulation of cell
mobility by facilitating cellular rearrangements as a
means for tissue extension or invasion into adjacent tis-
sues. Therefore, cadherin-11 is most likely involved in a
regulatory circuit that determines FLS condensation into
an aggressive cell mass and their invasive behavior in
rheumatoid synovitis.

Our findings implicate cadherin-11 Ads in actin reor-
ganization and directional polymerization, processes key
to stabilizing cell-to-cell contacts and tissue organization.
Seeding of FLSs onto cadherin-11-Fc fusion protein-
coated coverglasses induced FLS spreading that was
accompanied by the generation of F-actin fibers. These
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Figure 8. Cadherin-11 determines lining formation and matrix organization in synovial organ cultures. A and B: Cadherin-11-Fc disrupts FLS lining layer formation. FLSs
were released from the culture dish and preincubated with cadherin-11-Fc fusion protein, control human IgG1, or E-cadherin-Fc fusion protein (100 ug/ml, respectively)
for 15 minutes at 4°C. Cells and proteins were then dispersed in Matrigel (A) or Vitrogen (B), and cultured for 10 to 12 days in the presence of cadherin-11-Fc, human
1gG1, or E-cadherin-Fc (100 wg/ml, respectively). FLSs treated with the cadherin-11-Fc fusion protein failed to establish lining architecture, whereas E-cadherin-Fc or IgG1
treatment had no effect on lining layer formation. C: Cadherin-11 determines organization of reticular fibers. Synovial organ cultures treated with either E-cadherin-Fc
fusion protein or cadherin-11-Fc fusion protein (see above) were processed for histochemical analysis using the Gomori silver staining technique to label reticular fibers
and nuclear fast red to label FLSs. Note orientation of reticular fibers (black linear structures, arrows pointing to examples) along the FLS lining layer at the tissue interface
in E-cadherin-Fe-treated three-dimensional FLS organ cultures. In the sublining area, reticular fibers could be detected as well (irregular, black linear structures, often
associated with nuclear fast red-labeled FLSs, arrows pointing to examples). By contrast, in cadherin-11-Fc-treated three-dimensional FLS organ cultures a more chaotic
pattern of reticular fibers (short black linear structures throughout the tissue, arrows pointing to examples) could be observed. Specifically, a particular orientation of
reticular fibers at the tissue interface could not be seen. Original magnifications: X200 (A, B); X400 (C).
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F-actin fibers emanated from clusters of AJs as demon-
strated by immunofluorescence staining for B-catenin,
a-catenin, or p120-catenin (Figure 4). It is interesting to
note the mechanistic similarities with AJ formed by E-
cadherin in epithelial cells where E-cadherin engage-
ment results in actin cytoskeletal reorganization that al-
lows the formation of a continuous cell layer and seals the
epithelial sheet.?%?® Our demonstration of vinculin local-
ization to AJs in FLSs along with actin polymerization
induced by cadherin-11 engagement is consistent with a
similar function for the cadherin-11-catenin complex in
recruiting molecules that drive actin polymerization and
reorganization.

Electron microscopy studies on the synovial lining
layer indicate significant matrix space between the
lining cells and the lack of intercellular junctions such
as desmosomes and tight junctions.? Specifically,
thickening of the plasma membrane, condensation of
the submembranous cytoplasm at sites of apposing
cell membranes, or increased density between two cell
membranes that are characteristic ultrastructural fea-
tures of desmosomes and tight junctions in epithelial
cells are not present.>® Within the compacted cell
layer, however, these studies revealed cytoplasmic
processes closely apposed to adjacent cells with in-
terdigitations in some areas of apposed cell mem-
branes that are consistent with EM characteristics of
cadherin-mediated cell-to-cell junctions.’®2¢ Thus, the
synovial lining layer is composed of a condensed net-
work of cells, one to three cells thick, within a special-
ized ECM.

Our confocal microscopic analyses of FLSs grown in
three-dimensional organ culture reveal a lining organiza-
tion at the interface between the matrix and the fluid
phase that is strikingly similar to that seen in the human
synovial lining layer. The lining layer found in vitro dem-
onstrates intercellular matrix space and cellular exten-
sions forming cell-to-cell contacts. The presence of cad-
herin-11 and B-catenin at sites of cell-to-cell contact from
which bundles of actin filaments radiate internally along
the longitudinal axis of the spindle-shaped FLSs is con-
sistent with a functional role for cadherin-11 in establish-
ing lining architecture (Figure 6). This suggests that cad-
herin-11-based AJs serve as spatial cues for actin
cytoskeletal organization in FLSs. Given the importance
of the actin cytoskeleton for cell shape, strength, and
stability of cell interconnections, cadherin-11-directed
actin cytoskeletal organization provides a molecular
mechanism by which cadherin-11 regulates the structural
integrity of the synovial lining layer.

Fibroblasts produce ECM components and direct their
assembly to form fibrils.”"125455 |n particular, reticular fi-
bers closely linked to fibroblasts provide a framework for
organ structure and integrity.*2°® Consistent with FLS func-
tion in directing matrix organization, our analyses show
reticular fibers at the tissue interface that are oriented along
the condensed cellular lining layer. This fiber orientation
suggests that cadherin-11, in mediating FLS lining forma-
tion, also determines organization of reticular fibers. This
organization is critical for establishing a combined cellular-
ECM scaffold that provides a functional barrier between the

fluid phase and the underlying connective tissue. Finally,
studies that used cadherin-11-Fc showed that it specifically
blocks three-dimensional lining organization.

Thus, using a three-dimensional FLS culture system
that faithfully reproduces features of synovial lining orga-
nization, we demonstrate the critical role of cadherin-11
in establishing synovial lining-like architecture involving
both the organization of the cells of the lining as well as its
matrix. Just as E-cadherin is integrally linked to the func-
tion of the epithelial lining, we propose that cadherin-11
may similarly be integrally linked to the function of FLSs in
health and in conditions such as rheumatoid arthritis.
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