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ABSTRACT

As transmembrane, C&*-dependent cell-cell adhesion molecules, cadherins play a central role in tissue
morphogenesis and homeostasis. Stable adhesion is dependent on interactions of the cytoplasmic domain of the
cadherins with a group of intracellular proteins, the catenins. In the present study, we have detected the
expression ofa-, B-, and y-catenins in human osteoblasts, which assemble with cadherins to form two distinct
complexes containing cadherin andx-catenin, with either 8- or y-catenin. In osteoblasts undergoing apopto-
sis, proteolytic cleavage of N-cadherin and3- and - catenins but not a-catenin was associated with the
activation of caspase-3 and prevented by the caspase inhibitor Z-VAD-fmk. The pattern of cadherin/catenin
cleavage detected in apoptotic osteoblasts was reproduced in vitro by recombinant caspase-3. The presence of
a 90-kDa extracellular domain fragment of N-cadherin in conditioned medium from apoptotic cells indicates
that additional extracellular or membrane-associated proteases also are activated. Disruption of N-cadherin—
mediated cell-cell adhesion with function-blocking antibodies induced osteoblast apoptosis, activation of
caspases, and cleavage @f-catenin. These findings provide compelling evidence that N-cadherin—-mediated
cell-cell adhesion promotes osteoblast survival and suggest that the underlying mechanism may involve
activation of B-catenin signaling. (J Bone Miner Res 2001;16:466—477)
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INTRODUCTION Apoptosis is regulated by a complex set of environmental
signals. In addition to the well-characterized growth factor
ELETAL REMODELING, the process whereby old bone issignaling® recent evidence suggests that adhesion-mediated
Seplaced by new bone, continues throughout adult lifsjgnaling also may regulate the apoptqtimcess?~" The
by the concerted action of bone-resorbing osteoclasts atigruption of cell-matrix and cell-cell adhesion is a feature
bone-forming osteoblasts. On completion of their taslkyf apoptosis in involuting tissuéand is an early event in
some osteoblasts become embedded within the bone matiistured cells undergoing apoptos$is:® In osteoblasts,
as osteocytes and others form flattened lining cells on tkell rounding and detachment has been detected during
bone surface. However, as recent studies have shown, f@sphatase-inducéd® and Fas-mediatét® apoptosis. In
fate of the majority of osteoblasts is to undergo apoptdsis.anchorage-dependent cells, attachment to the extracellular
Apoptosis is a controlled mechanism of cell death, necesyatrix has been shown to transmit signals that suppress
sary to maintain tissue homeostasis and characterized dpoptosig*®'¥ Recent data, linking cadherin-mediated ad-
ultrastructural changes that include membrane blebbingesion to survival of ovarian granuloma célfs'® and
chromatin condensation, nuclear fragmentation, and formaral squamous cell carcinontl) suggest that cadherin-
tion of apoptotic bodieS? dependent adhesion also could transduce antiapoptotic sig-
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nals. Previous studies have indicated that attachment to tteemicals were from Sigma (Poole, Dorset, UK), unless
extracellular matrix protein fibronectin promotes osteoblastherwise indicated.

survival*® but currently there are no reports on the role of

cadherin-mediated cell-cell adhesion in the regulation Qfell culture

osteoblast apoptosis.

The cadherin family of C&-dependent transmembrane Primary osteoblast cultures were established from trabec-
proteins play an essential role in the establishment amthr bone explants as described previod&Briefly, tra
maintenance of cell-cell contactS:?® The extracellular becular bone particles, obtained at orthopedic operation
domain of the cadherins mediates homophilic interactiofiiom two donors with no known bone disease, were ex-
with cadherins on neighboring celfé) whereas the cyto tracted sequentially with EDTA and trypsin and the cells
plasmic domain interacts with a group of intracellular proreleased by 0.2% collagenase in phosphate-buffered saline
teins, the catenin€?2®Both 8- and~y-catenins can interact (PBS) were maintained im-modified essential medium
directly with cadherins, linking them te-catenin, which in (e«-MEM) containing 10% FBS with 100 U/ml penicillin
turn interacts with the actin cytoskelet6i=2"In addition, and 100ug/ml streptomycin at 37°C in 5% Cumidified
both B- and y-catenins act as intracellular signaling proatmosphere. Cells prepared in this way were shown to
teins, which can interact with the lymphoid-enhancer bindxhibit an osteoblastic phenotype as judged by high levels
ing factor/T cell factor (LEF/TCF) family of transcription of production of alkaline phosphatase, collagen type I, and
factors, to regulate gene transcriptié#i.*? osteocalcin.

Osteoblasts have been reported to express a limited repThe human osteoblastic cell lines MG-63, TE-85, and
ertoire of cadherin§3-*®which contribute to cell-cell ad Sa0S-2 were obtained from the American Type Culture
hesion and the development of the differentiated phenotypg@ollection (ATCC) and maintained in Dulbecco’s modified
In the present study, we have examined the expression dfagle’s medium (DMEM), supplemented with 10% FBS, 2
organization of cadherins and catenins in human osteoblast$ L-glutamine, 100 U/ml penicillin, and 100g/ml strep-
and followed the fate of these proteins during both spontsemycin, at 37°C in 5% C@humidified atmosphere.
neous and induced apoptosis. Our results indicate that both
cadherins and catenins are targeted for cleavage durggerse transcription and polymerase chain reaction
apoptosis. In addition, the induction of apoptosis by
function-blocking N-cadherin antibodies suggests that Messenger RNA (mRNA) was isolated from approxi-
N-cadherin—mediated cell-cell adhesion is a novel mechaately 10 cells for each cell line using the polyATract
nism whereby osteoblasts can regulate apoptosis. 1000 mRNA isolation system (Promega, Inc., Southampton,
UK). First-strand complementary DNA (cDNA) synthesis
was performed at 37°C for 1 h, withidg of mMRNA primed
with 25 pmol oligo (dT)s, in a 50ul reaction volume

MATERIALS AND METHODS containing 400 U Superscript Il reverse transcriptase (Life
Antibodies and reagents Technologies Ltd., Paisley, UK), 10 mM dithiothreitol
(DTT), 12.5 mM Tris-HCI (pH 8.3), 18.75 mM KCI, and

Actinomycin D and staurosporine were from Sigma (Pool®.75 mM MgChL. Cadherin cDNA was polymerase chain
Dorset, UK). Genistein was from Lancaster Synthesis, Ltdeaction (PCR) amplified from pul of first-strand cDNA
(Morecombe, UK). The caspase-3 substrate N-acetyl-Asp-Gheaction, using 25 pmol of each cadherin family degenerate
Val-Asp-p-nitroanilide (Ac-DEVD-pNA) was purchased fromprimer (5-ACNGCNCCNCCNTAYGA and 5TCNG-
Biomol (Plymouth Meeting, PA, USA). The caspase-1 sUlENARYTTYTTRAA) " in 50-ul reaction volumes con
strate N-acetyl-Tyr-Val-Ala-Asp-p-nitroanilide (Ac-YVAD- taining 2.5 UTaqg DNA polymerase (Promega, Inc.), 100
pNA) and the caspase inhibitdsacetyl-Asp-Glu-Val-Asp- uM deoxynucleoside triphosphate (ANTP), 3281 MgCl,,
aldehyde (Ac-DEVD-CHO) and benzyloxycarbonyl-Val-50 mM KCI, 10 mM Tris-HCI (pH 9.0), and 0.1% Triton
Ala-Asp-fluoromethyl ketone (Z-VAD-fmk) were from X-100. Amplification was carried out on a Techne Progene
Calbiochem (Nottingham, UK). Recombinant humathermal cycler (Scotlab, Coatbridge, UK) for 30 cycles at
caspase-3 was from Pharmingen (San Diego, CA, USA)94°C for 1 minute, at 50°C for 1 minute, and at 72°C for 2

Monoclonal antibodies tog-catenin, plakoglobin - minutes. The 160-base pair (bp) reaction product was gel
catenin), desmoglein, and caspase-3 (CPP32) were frpurified using a MERMAID DNA purification kit (BIO 101,
Transduction Laboratories (Lexington, KY, USA). Polydnc., Vista, CA, USA) according to the manufacturer’s
clonal antibodies to cadherins (pan-cadherin) Arwhtenin, instructions and ligated overnight at 16°C into 50 ng of
a monoclonal antibody recognizing the extracellular domapGEM-T vector (Promega, Inc.) as described by the man-
of N-cadherin (anti-A-CAM; clone GC-4) and horseradishufacturer. Precipitated DNA was electroporated into TG-1
peroxidase (HRP)-conjugated and fluorescein isothiocyascherichia colibacteria and plated onto LB-agar plates
nate (FITC)-labeled secondary antibodies were purchassshtaining 100wg/ml ampicillin, 1 mM isopropylthiog-p-
from Sigma. A monoclonal antibody (3B9) recognizing thgalactoside (IPTG), and 1@g/ml 5-bromo-4-chloro-3-
cytoplasmic of N-cadherin was obtained from Zymed Lakindolyl-B-p-galactoside (X-gal) and incubated overnight at
oratories (San Francisco, CA, USA). Tissue culture med&°C. Plasmid DNA was isolated from insert containing
and fetal bovine serum (FBS) were from Life Technologiesolonies from 1.5 ml of overnight culture using a Wizard-SV
Ltd (Paisley, UK). Tissue culture supplements and all othéit (Promega, Inc.), and insert sequence was determined with
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M13FOR primer using a BigDye terminator sequencing kit 4°C with 2.5-5ug of antibody. When monoclonal anti-
(PE-Applied Biosystems, Warrington, Cheshire, UK). bodies were used, rabbit anti-mouse immunoglobulin G
(IgG) was added, before incubation with a 50% slurry of
protein A—Sepharose. After constant mixing at 4°C for 1-2
h, samples were centrifuged and pellets were washed ex-
Cells, grown on glass coverslips, were fixed in coldensively with lysis buffer. For immunoblotting, cell lysates
(—20°C) methanol/acetone (1:1, vol:vol) for 7 minuteswere mixed with an equal volume of2reducing sodium
blocked with 1% bovine serum albumin (BSA) in PBS fododecyl sulfate (SDS) sample buff& and incubated at
30 minutes, and incubated with primary antibodieslfé at  100°C for 5 minutes. Equal amounts of protein were separated
room temperature (RT). After three washes with 1% BSA iby SDS-polyacrylamide gel electrophoresis (PAGE) and trans-
PBS, cells were incubated with FITC-labeled secondafgrred to nitrocellulose membranes. After blocking with 5%
antibodies fo 1 h at RT.Coverslips were mounted on glasamilk powder/10 mM Tris-HCI, pH 7.4, 150 mM NaCl, 0.05%
slides in antifading reagent (Vectashield; Vector Laboratdiween 20, membranes were incubated for 1 h at RT with
ries, Inc., Burlinghame, CA, USA) and examined using primary antibody. Specific antibody binding was detected with
Zeiss Axioplan phase-epifluorescence microscope (C&tRP-conjugated secondary antibodies and developed using
Zeiss, Oberkochen, Germany). enhanced chemiluminescence.

Immunofluorescence microscopy

Induction and detection of apoptosis Measurement of caspase activity

Apoptosis was induced by treating cells with actinomycin Cells were lysed in caspase buffer (10 mM HEPES-KOH,
D (1 pg/ml) or staurosporine (uM) for 24 h or with pH 7.4, 10% sucrose, 2 mM EDTA, 0.1%, 3-[(3-
genistein (100uM) for 72 h at 37°C. Cells showing mor- cholamidopropyl)-dimethylammonio]-1-propanesulfonate
phological features of apoptosis (cell shrinkage and meq€CHAPS) 5 mM DTT, 1 mM PMSF, and 2@.g/ml each
brane blebbing) were found floating in the culture mediunpepstatin A, leupeptin, and aprotinin) for 15 minutes on ice.
while the remaining adherent cells appeared normal. Wfter centrifugation at 15,00 for 15 minutes at 4°C,
some experiments, cells were transferred to serum-free mepernatants containing 50g of protein were incubated
dium and incubated with staurosporine gM) for 24 h. with either 200uM Ac-DEVD-pNA (caspase-3 substrate)
After removal of nonadherent cells, the supernatants wese 200 uM Ac-YVAD-pNA (caspase-1 substrate). In some
concentrated 10-fold using Centriprep-30 concentratogxperiments, the caspase-3 inhibitor Ac-DEVD-CHO was
(Amicon, Beverly, MA, USA). In experiments designed tdncluded at a concentration of 04M. Caspase activity,
evaluate the role of caspases, the tripeptide caspase inhibitigasured by the enzymatic release of the chromophore,
Z-VAD-fmk (100 uM) was added to cedl 1 h before the pNA from the labeled substrate, was monitored at 405 nm.
induction of apoptosis.

Adherent and nonadherent cells were collected se
rately, washed with PBS, and analyzed for DNA fragme
tation using the Suicide-Track DNA ladder isolation kit For direct cleavage of adherens junction protepisand
(Oncogene Research Products, Cambridge, MA, USA) ag-catenins were immunoprecipitated from 5@9 aliquots
cording to the manufacturer’s instructions. For the assess-total TE-85 cell protein, washed with cleavage buffer (10
ment of DNA fragmentation at the single cell level, osteomM HEPES-KOH, pH 7.4, 10% sucrose, 2 mM EDTA,
blasts were grown on glass coverslips and treated wih1% CHAPS, and 5 mM DTT), and resuspended inu25
apoptosis-inducing reagents as described previously. Naf-the same buffer. Recombinant human caspase-3 (20 ng)
adherent cells were collected by centrifugation and cytocewas added and samples were incubated at 37°C for 0—60
trifuged onto glass coverslips. Apoptosis was detected usingnutes. The reaction was stopped by the addition of an
a terminal deoxynucleotidyl transferase (TdT)-mediated degual volume of X reducing SDS sample buffer and the
oxyuridine triphosphate (dUTP) nick-end labeling (TUNEL)samples were incubated at 100°C for 5 minutes. Cleavage
assay (Promega, Madison, WI, USA) based on the incorpofsroducts were resolved by SDS-PAGE and detected by
tion of fluorescein-12-dUTP into'30H ends of cleaved immunoblotting as described previously.

DNA. Cells were photographed using a Zeiss Axioplan

phase-epifluorescence microscope. Antibody blocking experiments

ﬂﬁ'vitro caspase cleavage assay

Preparation of cell extracts, immunoprecipitation, To prevent cell attachment and spreading, tissue cul-
; ; ture plates were coated with the nonadhesive polymer
and immunoblotting

polyhydroxylethyl-methacrylate (poly-HEMA) as described
Cells were lysed in 10 mM Tris-HCI, pH 7.4, 150 mMpreviously® and washed extensively with PBS before use.
NaCl, 0.5% Triton X-100, 1 mM phenylmethylsulfonyl Primary human osteoblasts (HOBs) were plated on poly-
fluoride (PMSF), 2 mM EDTA, 1 mM Ng&/O,, 10 mM HEMA-coated 24-well plates, in the presence of anti-N-
NaF, and 20ug/ml each leupeptin, pepstatin A, and aproeadherin antibody (A-CAM, clone GC-4) or an isotype-
tinin for 1 h onice. Samples were centrifuged at 15,0@6r matched control antibody at a concentration of 8@@ml or
15 minutes at 4°C and the supernatants were retained. loth 5 mM EDTA. After overnight incubation, cells were
immunoprecipitation, cell lysates were incubated overniglei/tocentrifuged onto glass coverslips and assessed for apo-
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kDa cadherin-4 in these cells. HOBs, Sa0S-2, and bone marrow
L e i e stromal cells recently have been reported to lack cadherin-
pan-cadherin = ”W“+135 644 while cadherin-6 transcripts have been detected in
N-cadherin s i} S0 S8 <135 human stromal cells, the MG-63, and TE-85 osteoblastic
. — i i i _li ) Usi ifi
cadherin-6 ey ceII_ lines and in osteo_clast like celf§’ U_smg a specific
h - o 4110 antibody, we have confirmed the expression of cadherin-6 in
desmoglein Sl S S S <165 MG-63 cells but not in TE-85 or Sa0S-2 cells (Fig. 1). It
o-catenin Gy Gee G0 G <102 has been suggested that cadherin-6 may mediate heterotypic
_ ; " interactions between osteoblast and osteoclast precursors,
B caten!n “ “ h ﬂ‘_ 92 important in the generation of osteoclaS®.In the present
y-catenin emm @y = === < 82 study, the finding that cadherin-6 also is expressed in HOBs
1 2 3 4 (Fig. 1) indicates that it is likely to have specific functions
in differentiated osteoblasts.

FIG.1. Expression of cadherins and catenins in osteoblastic cells andD€Smogleins, members of the cadherin superfamily nor-
HOBSs. Extracts of the osteoblastic cell lines MG-63 (lane 1), TE-gg1ally present in cell-cell desmosomal junctidffs?® also
(lane 2), and Sa0S-2 (lane 3) and primary human osteoblasts (HOBgere expressed in osteoblasts (Fig. 1). RT-PCR analysis
lane 4) were fractionated by SDS-PAGE and immunoblotted withevealed that osteoblasts expressed desmoglein-2, a widely
antibodies against cadherins and catenins. distributed desmoglein and the only isoform expressed in
nonepithelial tissue$? The detection of an immunoreac
tive band of the correct size (165 kDa) in HOBs, as well as
. . in osteoblastic cell lines, suggested that desmoglein expres-
ptosis by TUNEL staining or extracted and analyzed byjon was not an artifact of cultured osteosarcoma-derived
immunoblotting as described previously. Analysis of cellgg|| jines. To our knowledge, neither desmosomes nor their
fixed before cytocentrifugation confirmed that this procesgnstituent proteins have been detected previously in osteo-
dure did not induce cell damage. blastic cells and the functional significance of this observa-
tion remains to be elucidated.
In TE-85 cells, which have an epithelial-like morphol-
RESULTS ogy, forming closely associated arrays of polygonal cells
Expression and distribution of cadherins at high density, cadherins and catenins were localized to
in osteoblastic cells !atera_ll cell _bor_der_s at sites of ce_II-ceII contact (Fig. 2). An
identical distribution of cadherins/catenins also was de-
We have detected the expression of two type | (Nected in MG-63 and Sa0OS-2 cells (data not shown). In
cadherin and cadherin-4) and two type Il (cadherin-6 antdOBs, which have a more spread morphology, cadherins
cadherin-11) classical cadherins in human osteoblastésd catenins were localized similarly to cell-cell con-
Using RT-PCR with specific primers, cadherin-11 anthcts, both at lateral cell borders and where fingerlike
N-cadherin were identified in MG-63, TE-85, and SaOS-@rocesses contacted an adjacent cell (Fig. 2), as has
cells, confirming a recent report on the expression of thesecently been described’”
cadherins in osteoblastic ceff$) Immunoblotting, using an
antibody that recognizes a high!y conservgd sequence in @?ganization of cadherin/catenin complexes
cytoplasmic domain of all classical cadherins, revealed thizht osteoblastic cells
the major reactive species in both HOBs and osteoblastic
cell lines had an apparent molecular mass of 135 kDa (Fig.The interaction of the cytoplasmic domain of the cad-
1, pan-cadherin), identical to that of N-cadherin (Fig. 1) buterins with a group of intercellular proteins, the catenins,
significantly higher than that reported for cadherin-11 (128nd subsequent linkage to the actin cytoskeleton is essential
kDa) 33% These results suggest that the major classicr stable cell-cell adhesidi?2" Although it has been
cadherin expressed in human osteoblasts is likely to beported thatB-catenin interacts with cadherins in bone
N-cadherin and not cadherin-11 (120 kDa) as previousiparrow stromal cell§® and with cadherin-6 in MG-63
reported® This conclusion also is consistent with thecells®® neither the presence nor the organization of other
finding that a synthetic peptide containing the His-Ala-Vatatenins has been described in osteoblasts.
(HAV) adhesion motif, found in the extracellular domain of In the present study, we have detected the expression of
type | (e.g., N-cadherin) but not type Il (e.g., cadherin-11g-, B-, andy-catenins in both osteoblastic cells and HOBs,
classical cadherins, was effective in inhibiting cell-cell adn which their colocalization with cadherins at sites of
hesion in osteoprogenitor cells by70% ¢4 cell-cell contact (Fig. 2) is consistent with the assembly of
Cadherin-4, present in HOBs, was reportedly absent frothhese proteins into complexes. To define in detail the mo-
osteoblastic cell line§? However, using cadherin-4—lecular organization of cadherins and catenins in osteo-
specific primers, we have obtained PCR products of thwasts, extracts of TE-85 cells were immunoprecipitated
correct size in MG-63, Sa0S-2, and TE-85 cells. In addwith B-catenin and the presence of additional proteins was
tion, sequence analysis of cDNA clones from TE-85 cellgletermined by immunoblotting. The results clearly show
generated with primers to a highly conserved region in tHeoth the effective precipitation ¢#-catenin (Fig. 3A3-cat)
cytoplasmic domain of cadherins, confirmed the presencearid the coprecipitation of cadherins (Fig. 3A, pan-cad),
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FIG. 3. The composition of cadherin/catenin complexes in osteoblas-
tic cells. (A) Extracts of TE-85 cells were immunoprecipitated (IP) with
antibodies againsg-catenin, resolved by SDS-PAGE, and immuno-
blotted (IB) with antibodies recognizing pan-cadherin (pan-cad),
N-cadherin (N-cad)q-catenin @-cat), B-catenin $3-cat), andy-catenin

= = (y-cat). Cadherin/catenin complexes of identical composition also were
detected in MG-63 and SaOS-2 cells. (B) TE-85 cell extracts, immu-
noprecipitated with antibodies recognizing either pan-cadherin (pan-
: : cad) or a-catenin @-cat) were immunoblotted with antj~catenin
(y-cat) antibodies.
: ad na
-

FIG. 2. Immunolocalization of cadherins and catenins in osteoblastic
TE-85 cells and HOBs. Cells were grown to confluence on glass
coverslips, fixed and incubated With antibodies recognizing (A and @IG. 4. Sa0S-2 cells undergo spontaneous apoptosis. During routine
pan-cadherin, (C and D) N-cadherin, (E andd=patenin, (G and H) ¢\yre; a small number of Sa0S-2 cells are found as single cells,
B-catenin, and (I and Jy-catenin. For each cell type, antibody distri-f,a¢ing in the culture medium. (A) DNA isolated from adherent (ad)
_butlon was assess_;ed in multiple cell monolayers, in at least thrggy \onadherent (na) Sa0S-2 cells was electrophoresed through 2%
independent experiments. Bar 25 um. agarose gels containing ethidium bromide and DNA laddering visual-
ized with UV light. DNA molecular weight markers, expressed as base
pairs (bp), are indicated to the right. Extensive cleavage of DNA
indicated that nonadherent cells had undergone apoptosis. (B) Adherent
N-cadherin (Fig. 3A, N-cad), andw-catenin (Fig. 3A, (a) and nonadherent (b) Sa0S-2 cells, were fixed and permeabilized
a-cat). In contrast,y-catenin was not coprecipitated withand apoptosis was detected by positive TUNEL staining.
B-catenin from these cells (Fig. 3Aicat) but was present
in both pan-cadherin and-catenin immunoprecipitates
(Fig. 3B). These results show that at least two diStinT::
complexes are present in osteoblasts, one containi
cadheriné-cateninf-catenin and one containing cadherin/  During routine culture, we noticed that a small number of
a-catening-catenin. Althoughy-catenin is the only catenin Sa0S-2 cells are found as single cells in the culture me-
reported to interact with both classical and desmosomgium. The detached cells were shrunken in appearance, with
cadhering??*® we have been unable to coprecipitatetnembrane blebbing and nuclear condensation, morpholog-
vy-catenin and desmogleins. Because the desmoglein acal features suggestive of apoptotic cell death. Agarose gel
a-catenin binding sites og-catenin overlag!® it is possi  electrophoresis revealed a ladder of 180—200-bp multiple
ble that the predominant interaction gfcatenin in these DNA fragments in nonadherent (Fig. 4A, na) but not in
cells is with a-catenin. adherent (Fig. 4A, ad) cells. Laddering reflects internucleo-
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ste of cadherins/catenins during osteoblast apoptosis
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FIG. 5. Expression of cadherins and catenins in osteoblasts unde IB pro-caspase-3

going spontaneous and induced apoptosis. (A) Extracts of adherent (ad)
and nonadherent (na) SaOS-2 cells were resolved by SDS-PAGE &i. 6. Caspase-3 is activated in apoptotic osteoblasts. (A) Direct
immunoblotted with antibodies against cadherins and catenins. (B)easurement of caspase-3 activity in extracts of adherent (ad) and
Apoptosis was induced by treating MG-63 cells for 72 h with 100  nonadherent (na) SaOS-2 cells. Hydrolysis of the caspase-3 substrate
genistein, TE-85 cells with .M staurosporine for 24 h, and HOBs Ac-DEVD-pNA was measured at 405 nm over a period of 8 h, in the
with 1 ng/ml actinomycin D for 24 h. Adherent (ad) and nonadhererdabsence and presence of the caspase-3 inhibitor Ac-DEVD-CHO at a
(na) cell extracts were immunoblotted with antibodies raised againsbncentration of 0.LM (X, ad;l, ad+ inhib; A, na; ¢, na+ inhib).
N-cadherin,3-catenin, andy-catenin. (B) Osteoblast apoptosis was induced as described in .Fig. 5B. Extracts
of adherent (ad) and nonadherent (na) cells were immunoblotted with
an antibody recognizing the inactive proenzyme form of caspase-3.

. . Activation of caspase-3 is measured by a decrease in the expression of
somal DNA cleavage and is considered a hallmark of apo- ot 32_kD§ proenzyme y P

ptosis‘® Positive TUNEL staining of nonadherent (Fig. 4B,
b) but not adherent (Fig. 4B, a) Sa0S-2 cells confirmed that
the detached cells had undergone apoptosis.

In apoptotic Sa0S-2 cells, immunoblotting revealed thate-85 cells and in HOBs resulted in the loss of N-cadherin
cellular cadherins, including N-cadherin, were significantlgnd the cleavage g8-catenin into 70- to 75-kDa peptides
decreased in amount and thaicatenin was cleaved into (Fig. 5B), identical to those detected in apoptotic SaOS-2
three major polypeptides of 70- to 75-kDa and minor 85- teells. In TE-85 cells, which express high levelsyetatenin
90-kDa fragments (Fig. 5A). An antibody recognizingFig. 1), major fragments of 75, 72, and 65 kDa and a minor
amino acids 768—781 ¢f-catenin failed to detect any of thefragment of about 55 kDa were detected in nonadherent but
cleavage products in apoptotic cells (data not shown), indiet adherent cells (Fig. 5B).
cating that these fragments lack the COOH-terminal do-
main. Cleavage ofy-catenin also was apparent but wagaspase-dependent cleavage of cadherins/catenins
more clearly seen in TE-85_ cells (Fig. 5B), which express, apoptotic osteoblasts
higher levels of this protein. By contrast, there was no
significant difference in the level af-catenin in adherent Because activation of the caspase family of cysteine
and nonadherent cells (Fig. 5A). We also detected a dnaroteases and their cleavage of key cellular substrates is a
matic reduction in the expression of desmogleins in nonadrucial step in the apoptotic procdé®, the presence of
herent SaOS-2 cells (Fig. 5A). To determine if these effectsispase-1 and caspase-3 activity in extracts of SaOS-2 cells
were a common feature of osteoblast apoptosis, the express investigated by measuring the cleavage of their respec-
sion of cadherins/catenins examined in osteoblasts wi@ge substrates Ac-YVAD-pNA and Ac-DEVD-pNA.
treated with genistein, staurosporine, or actinomycin D, allaspase-3 activity, barely detectable in adherent cells, was
known inducers of apoptosi&~*” Consistent with the strongly activated in nonadherent, apoptotic cells (Fig. 6A),
induction of apoptosis, osteoblasts detached from the cukaching a maximal activity 11-fold higher than basal levels.
ture dish by treatment with these reagents showed positivethe presence of the specific peptide inhibitor Ac-DEVD-
TUNEL staining (data not shown). Apoptosis in MG-63 an@HO caspase-3 activity was reduced to basal levels (Fig.
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FIG. 7. N-cadherin ang- and~y-catenins but no&-catenin are cleaved by caspases. (A) TE-85 cells were grown without additipios (ith

(+) 1 uM staurosporine for 24 h to induce apoptosis, in the abseng®I presence+) of the caspase inhibitor Z-VAD-fmk at a concentration

of 100 uM. Cell extracts from control and treated cells were resolved by SDS-PAGE and immunoblotted with antibodies against N-cadherin,
B-catenin, andy-catenin. (B) Extracts of untreated TE-85 cells were immunoprecipitated with an antibgghgdtenin and incubated with
recombinant human caspase-3 at 37°C for 0—60 minutes. Cell extracts were fractionated by SDS-PAGE before immunoblotting with antibodies
againstB-catenin,a-catenin, and either the cytoplasmic (cyto) or the extracellular (EC) domains of N-cadherin. (C) Conditioned medium from
TE-85 cells grown in the absence ) or presence+) of 1 uM staurosporine for 24 h was concentrated 10-fold and analyzed by immunoblotting

with an antibody raised to the extracellular domain of N-cadherin.

6A). Caspase-1 was not activated in apoptotic osteoblasignizes the cytoplasmic domain of N-cadhem@aspase-3
(data not shown). Activation of caspase-3 in apoptotic celiscubation caused a dramatic decrease in the amount of
was further confirmed by the disappearance of the inactiviatact N-cadherin (Fig. 7B), consistent with the pattern seen
32-kDa proenzyme in nonadherent SaOS-2 cells undergoiimgapoptotic cells (Fig. 5). Immunoblotting with an antibody
spontaneous apoptosis (Fig. 6B) and in nonadherent MG-&8ainst the extracellular domain indicated that, in the pres-
and TE-85 cells and in HOBs (Fig. 6B), induced to undergence of caspase-3, N-cadherin was reduced in apparent
apoptosis with staurosporine. The ability of the tripeptidenolecular mass from 135 to 120 kDa (Fig. 7B). A fragment
caspase inhibitor Z-VAD-fmk to inhibit cleavage of bgsh  of this size has been detected in some apoptotic cells, but its
and y-catenins and to abrogate the decrease in N-cadheaibsence from others suggests that additional proteolysis
expression in staurosporine-treated TE-85 cells (Fig. 7A)ay occur (data not shown). The recent demonstration that
strongly implicated activated caspases in the cleavage fcadherin can be cleaved extracellularly during ovarian
these proteins. granuloma cell apoptosi§’ led us to examine whether a
To assess if cadherins/catenins were direct substratesgomilar cleavage might occur during osteoblast apoptosis.
caspases, in the absence of endogenous cellular proteasasjunoblotting with an antibody against the extracellular
B-catenin was immunoprecipitated from untreated TE-8%omain of N-cadherin did indeed reveal the presence of a
cell extracts before incubation with recombinant huma®0-kDa fragment in conditioned medium from staurosporine-
caspase-3. Initially,3-catenin was cleaved into severakreated but not control TE-85 cells, consistent with extracellu-
polypeptides ranging in size from 70 to 90 kDa (Fig. 7B)lar domain cleavage in apoptotic cells (Fig. 7C). Caspase-3
The higher molecular-mass species gradually disappeasdgo was able to cleave immunoprecipitatedatenin, pro-
with time and after 1 h, the predominaftcatenin frag- ducing the 75-kDa and 65-kDa fragments, but the additional
ments had a molecular mass of 70-75 kDa (Fig. 7B}2-kDa and 55-kDa fragments seen in apoptotic osteoblasts
identical to those found in apoptotic cells (Fig. 4). We haverere not detected (data not shown).
taken advantage of the fact that both N-cadherin and
a-catenin coprecipitate witiB-catenin (Fig. 3) to analyze gffect of caspase cleavage on cadherin/catenin
the effect of caspase-3 on these proteins presgsciatenin interactions
immunoprecipitates. In agreement with observations In
apoptoticcells (Fig. 4),a-catenin was not a substrate for In osteoblasts, we have shown the presence of two dis-
caspase-3 in vitro (Fig. 7B), despite the presence of thréect complexes containing cadherin ameatenin, together
potential caspase-3 cleavage sites. Using an antibody that reith either B- or y-catenin (Fig. 3). Because the adhesive
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IB: B-catenin
IB: y-catenin FIG. 9. Disruption of N-cadherin-mediated adhesion induces apo-

ptosis. (A) HOBs were cultured on poly-HEMA—coated dishes in the
FIG. 8. Cadherin/catenin complex assembly in apoptotic osteoblasfesence of control Ig (a), a function-blocking antibody recognizing the
Extracts of apoptotic SaOS-2 cells were left untreatedl ¢r immu-  extracellular domain of N-cadherin (b), or 5 mM EDTA (c) for 24 h.
noprecipitated (IP) with antibodies recognizing pan-cadherin (pan-cadglls were cytocentrifuged onto glass coverslips and subjected to
or a-catenin ¢-cat). After fractionation by SDS-PAGE, the composi-TUNEL staining. (B) HOBs treated with control (lane 1), anti-N-
tion of cadherin/catenin complexes was assessed by immunoblottiggdherin (lane 2) or EDTA (lane 3) were extracted, resolved by
(1B) with antibodies against (AB-catenin or (B)y-catenin. SDS-PAGE, and immunoblotted with an antibody recognizing

B-catenin.

function of cadherins is dependent on interactions with the
intracellular catenin§;~*"**we have examined the effectassociated and contained many apoptotic, TUNEL-positive
of caspase cleavage on complex assembly. All three majgills (Fig. 9A, b). The inability of anti—-N-cadherin to dis-
B-catenin cleavage products present in apoptotic SaOSwbt completely aggregate formation, strongly indicates that
cells retained the ability to interact with cadherins, whereagdherins-4, -6, and -11, present in HOBs, also contribute to
only the two higher-mass species were able to interact wiglall-cell adhesion. Cadherin-mediated cell adhesion is a
a-catenin (Fig. 8A). Both cadherins angcatenin inter- Ca*-dependent proce$s? and in the presence of the eal
acted with the major cleavage products ptatenin, al- cium chelator, EDTA cells failed to form cell-cell contacts
though they interacted poorly with the 55-kDa fragmenind showed extensive TUNEL-positive staining (Fig. 9A, c).
(Fig. 8B). An increase in the relative amount of intact As a consequence of disrupting N-cadherin-mediated
y-catenin coprecipitated witk-catenin (Fig. 8B) may be cell-cell adhesionp-catenin was cleaved (Fig. 9B), giving
indicative of a stronger interaction between the uncleavege to a number of lower molecular mass species, including
forms of these proteins. Taken together, caspase-dependfBt70- to 75-kDa polypeptides characteristic of apoptotic
cleavage of3- andy-catenins appears to have little effect orbsteoblasts (Fig. 5) and generated by caspase-3 activity in
their ability to form adhesion complexes, although the invitro (Fig. 7). In cells treated with EDTA, in which cell-cell
ability of the smallesp-catenin fragment to associate withadhesion was almost completely disrupt@dcatenin was
a-catenin may lead to a decrease in adhesion. cleaved more extensively to the 70- to 75-kDa fragments
(Fig. 9B). Taken together, these results strongly suggest that
Disruption of N-cadherin—-mediated adhesion induces disruption of N-cadherin—mediated cell-cell adhesion in os-
osteoblast apoptosis teoblasts leads to the activation of caspase-3, cleavage of

B-catenin, and induction of apoptosis in human osteoblasts.
During osteoblast apoptosis, the detachment of cells not

only from each other but from the culture dish indicates that

both cell-cell and cell-matrix interactions are disrupted. DISCUSSION

Because loss of cell-matrix adhesion has been shown to lead

to apoptosi$? we have attempted to distinguish between Although recent dat® indicate that the majority of es

these adhesive processes by culturing HOBs on dishtesblasts are destined to die by apoptosis, the molecular

coated with poly-HEMA, a nonionic polymer, which pre-events underlying and regulating osteoblast-programmed

vents matrix deposition, cell attachment, and spreadify. cell death remain to be elucidated. In the present study, we
HOBs, grown on poly-HEMA-coated dishes in the predhave identified proteins associated with the intercellular

ence of control antibody formed large, compact multicellladherens junctions as molecular targets during osteoblast

lar aggregates, with no detectable apoptosis as judged by #poptosis and provide evidence that cadherin-mediated cell-

absence of TUNEL staining (Fig. 9A, a). In contrast, whenell adhesion acts to inhibit the apoptotic process.

cultured in the presence of a function-blocking N-cadherin While studying the expression and organization of adhe-

antibody, HOBs formed aggregates that were only loosetgns junction proteins in osteoblasts, we detected a signifi-
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cant reduction in the expression of classical cadherins, iprotein-protein interactions required for adhesion complex
cluding N-cadherin, and the cleavage®fandy- but not assembly remain essentially intact in apoptotic osteoblasts.
a-catenin in MG-63, TE-85, and SaOS-2 osteoblastic cellsIn apoptotic osteoblasts, we have detected a decrease in
as well as in primary osteoblasts (HOBs) undergoing aptie expression of cadherins, which we now report appears,
ptosis. The ability of the tripeptide caspase inhibitoat least in part, to be the result of caspase-dependent cleav-
Z-VAD-fmk to suppress cleavage @ and+y-catenins and age. N-cadherin was cleaved by caspase-3 in vitro, to give
to abrogate the decrease in N-cadherin expression, sagpolypeptide of 120 kDa, recognized by an antibody
gested that the caspase family of cysteine proteases, aagiainst the extracellular domain but not by an antibody
vated during apoptosfé®) may play an important role in the against the cytoplasmic domain of the protein. Of the three
cleavage of these proteins. In support of this notiomaspase-3 consensus cleavage sites identified within the
caspase-3, a major effector caspase responsible for tytoplasmic domain of N-cadheriff cleavage at the most
cleavage of a number of key cellular proteins during ap&OOH-terminal site°Asp-lle-Gly-AsgF®d) is inconsistent
ptosis{*® was activated in both apoptotic osteoblastic cellith the size of the cleaved fragment. However, cleavage at
lines and HOBs. Cleavage of N-cadherin apd and either of the two immediately adjacent, membrane proximal
y-catenins, but nok-catenin, by caspase-3 in vitro to gensites (®%Asp-Pro-Glu-Asp®® and "5Asp-Val-Arg-Asp'©7)
erate fragments identical to those seen in apoptotic cell®uld remove 138—-142 amino acids and cause a reduction
further confirmed the central role of caspase-3 in the cleaw+ the apparent molecular mass of N-cadherin (135 kDa) of
age of adherens junction proteins during osteoblast apop#dout 15 kDa, consistent with the 120-kDa fragment de-
sis. tected after caspase-3 treatment. A fragment of this size has

Cleavage ofp-catenin has been reported in apoptotibeen detected in apoptotic osteoblasts, although its absence
endothelial cell$® and could be reproduced by the additiorirom some extracts may indicate subsequent cleavage by
of caspase-3 to endothelial cell extracts but not to immunoaspases or other proteases. Interestingly, by comparing the
precipitatedB-catenin. The authors’ conclusion that comsequences of many different classical cadherins, we have
plete cleavage of3-catenin is dependent on caspase-3found that one of the two membrane proximal sit€84sp-
dependent activation of additional cellular prote&$és Val-Arg-Asp’®”) is conserved in type | but not type II
contrasts sharply with our results, which clearly show thagiroteins, suggesting that it may define a function that differs
caspase-3 activity alone is sufficient to generate thmtween the two types of cadherins.
B-catenin cleavage pattern found in apoptotic cells. In sup-We are aware of only one previous report implicating
port of this conclusion, in vitro translatef-catenin has caspases in the cleavage of cadherins. In that s$tdtg,
been shown to be cleaved efficiently by caspase-3 to giveae for caspases was implied from the ability of caspase
pattern resembling that in apoptotic c€fis. inhibitors to prevent cleavage of E- and P-cadherins in

Caspase-3—dependent cleavage of immunoprecipitaggabptotic cells, but direct cleavage of cadherins was not
y-catenin generated the major 75-kDa and 65-kDa polypephown. The major cleavage product of P-cadherin in apo-
tides seen in apoptotic cells but failed to generate the 72-kptotic cells had an apparent molecular mass of 104 kDa,
and 55-kDa fragments. Caspase-3—dependent cleavagemisistent with cleavage at the site identified by us to be
either immunoprecipitaté® or in vitro translate® -catenin  conserved in type | cadherins. In apoptotic cells, E-cadherin
also has failed to generate the pattern of fragments produceds cleaved to a 48-kDa product, which was suggested to be
during apoptosis. Thus, althoughcatenin can clearly act the result of caspase cleavage at amino acids 476 379,
as caspase-3 substrate, it remains to be shown whethiewever, this sequence, which forms part of a putative
additional proteases are involved in its cleavage in vivo. C&"-binding site®™ is located within the extracellular

In epithelial cells, botlB- andy-catenins interact directly domain of E-cadherin, while the caspases are intracellular
with the cytoplasmic domain of the cadherins and witenzymes.
a-catenin to form a supramolecular complex that is re- In addition to cleavage of the intracellular domain, the
garded as the functional unit of cell adhesi&h2"*?Inthe presence of a 90-kDa N-cadherin fragment in conditioned
present study, the identification in osteoblasts of two disaedium from apoptotic but not control cells indicated that
tinct complexes containing cadherin amdcatenin with N-cadherin also could be cleaved extracellularly. Although
either B- or y-catenin allowed us to assess the impact dhe nature of the proteases responsible for extracellular
apoptosis on complex assembly. Cleavage f and domain cleavage remain to be identified, surface-associated
y-catenins during apoptosis had little effect on their abilitynetalloproteinases have been implicated in the cleavage of
to interact with the cadherins. The major cleavage produdiscadherin during retinal developmé&f and ovarian gran
of y-catenin retained the ability to interact withcatenin as uloma cell apoptost%® and in the release of a surface-
did the two higher molecular mass cleavage products afsociated fragment of VE-cadherin during endothelial
B-catenin. The 55-kDa fragment of-catenin showed re- apoptosig!®
duced binding toa-catenin, and there was no detectable Recent studies have provided evidence that cell-cell in-
interaction between the 70-kDa fragment@®tatenin and teractions may be one mechanism by which cells can reg-
a-catenin. Because the association of the cadherins witkate apoptosi€:” In the present study, the induction of
a-catenin and the actin cytoskeleton is essential for thepoptosis in HOBs by a function-blocking N-cadherin an-
adhesive function, a reduction in-catenin binding by tibody, but not by an isotype-matched control, indicated that
cleavedp- and y-catenins may result in reduced cell-celN-cadherin—mediated cell-cell adhesion supports osteoblast
adhesion. However, taken together, our results indicate ttsairvival. N-cadherin also has been linked recently to the
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survival of ovarian granulosa ceffs;*®and an association formation is further suggested by the observation that para-
between E-cadherin-mediated aggregation and survivaltbfroid hormone (PTH), which increases bone formation by
squamous epithelial cells has been repoftéd. preventing osteoblast apopto&i®, also increases the ex

The mechanisms whereby cadherin-mediated cell-cell aoression of cadherins in osteoblasts and osteoprogenitor
hesion generates cell survival signals remain poorly underells ¢34
stood. N-cadherin—mediated adhesion of ovarian granulosdn summary, we have identified N-cadherin—mediated
cells has been linked to tyrosine phosphorylation of theell-cell adhesion as a molecular mechanism for suppress-
fibroblast growth factor (FGF) receptGf) while E-cadherin— ing apoptosis in human osteoblasts, which we suggest is
dependent aggregation of epithelial cells results in activerediated by g3-catenin signaling pathway.
tion of the retinoblastoma protein and G1 cell cycle aff&st.
In the present study, apoptosis induced by the disruption of
N-cadherin—mediated intercellular adhesion resulted in the
cleavage of3-catenin to give a pattern indicative of caspase-3 . . i i .
activation. Because caspase-dependent cleavagesatenin We are indebted to the Mlnlstry of Agrlculture, F|s_her|es
has a limited effect on its ability to interact with its cellular2nd Food and to the Scottish Executive Rural Affairs De-
binding partners, we think it unlikely that cleavage of thi®artment for support.
molecule plays a major role in the direct dismantling of
cell-cell contacts during osteoblast apoptosis. However, in
addition to a structural role in adherens junctiogssatenin REFERENCES
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