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Alterations in the Spatiotemporal Expression Pattern and
Function of N-Cadherin Inhibit Cellular Condensation
and Chondrogenesis of Limb Mesenchymal Cells In Vitro
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Abstract Cartilage formation in the embryonic limb is presaged by a cellular condensation phase that is mediated
by both cell–cell and cell–matrix interactions. N-Cadherin, a Ca2þ-dependent cell–cell adhesion molecule, is expressed
at higher levels in the condensing mesenchyme, followed by down-regulation upon chondrogenic differentiation,
strongly suggesting a functional role in the cellular condensation process. To further examine the role of N-cadherin,
we have generated expression constructs of wild type and two deletion mutants (extracellular and intracellular) of
N-cadherin in the avian replication-competent, RCAS retrovirus, and transfected primary chick limb mesenchymal cell
cultures with these constructs. The effects of altered, sustained expression of N-cadherin and its mutant forms on cellular
condensation, on the basis of peanut agglutinin (DNA) staining, and chondrogenesis, based on expression of chondrocyte
phenotypic markers, were characterized. Cellular condensation was relatively unchanged in cultures overexpressing wild
type N-cadherin, compared to controls on all days in culture. However, expression of either of the deletion mutant forms of
N-cadherin resulted in decreased condensation, with the extracellular deletion mutant demonstrating the most severe
inhibition, suggesting a requirement for N-cadherin mediated cell–cell adhesion and signaling in cellular condensation.
Subsequent chondrogenic differentiation was also affected in all cultures overexpressing the N-cadherin constructs, on
the basis of metabolic sulfate incorporation, the presence of the cartilage matrix proteins collagen type II and cartilage
proteoglycan link protein, and alcian blue staining of the matrix. The characteristics of the cultures suggest that the
N-cadherin mutants disrupt proper cellular condensation and subsequent chondrogenesis, while the cultures over-
expressing wild type N-cadherin appear to condense normally, but are unable to proceed toward differentiation, possibly
due to the prolonged maintenance of increased cell-cell adhesiveness. Thus, spatiotemporally regulated N-cadherin
expression and function, at the level of both homotypic binding and linkage to the cytoskeleton, is required for
chondrogenesis of limb mesenchymal cells. J. Cell. Biochem. 87: 342–359, 2002. Published 2002 Wiley-Liss, Inc.{

Key words: chondrogenesis; N-cadherin; cell adhesion; condensation; cartilage; limb development; retroviral gene
transduction; cell–cell interaction

A hallmark of skeletogenesis is the formation
of mesenchymal cellular condensations in the
regions destined to become cartilage [Fell, 1925;

Fell and Canti, 1935; Thorogood andHinchliffe,
1975]. The importance of cellular condensation
is underscored by the severe skeletal abnorm-
alities accompanying genetic defects that result
in defective cellular condensation, such as Bra-
chypod and Phocomelia in mice and talpid in
chickens [Gruneberg, 1963; Hall and Miyake,
1992; Mundlos and Olsen, 1997a,b].

Cellular condensations were first described
by Fell [1925] who observed that the cells in the
chick limb bud destined to become cartilage
were more compacted than the surrounding
non-chondrogenic cells. Cell condensations in
the limb buds form as a result of cellular ag-
gregation towards a center [Hall and Miyake,
2000], resulting in an increase in cell packing
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density, i.e., an increase in cells/unit area or
volume without an increase in cell prolifera-
tion [Janners and Searls, 1970; Thorogood and
Hinchliffe, 1975]. Condensations are the ear-
liest sign of the initiation of a skeletal element or
elements because in some cases, more than one
element can be derived from a condensation;
for example, the seven bones of the lower beak
of the chick embryo develop from a single con-
densation [Dunlop and Hall, 1995].
Mesenchymal cells of the early limb bud are

surrounded by a matrix rich in hyaluronate
[Toole, 1972; Toole et al., 1972] and collagen
type I [Dessau et al., 1980]. It has been postu-
lated that a pericellular hyaluronate coat pro-
hibits interaction between mesenchymal cells,
and that at the onset of condensation, an in-
crease in hyaluronidase activity causes a reduc-
tion in hyaluronate in the extracellular matrix
[Toole et al., 1989]. The reduction of extracel-
lular matrix permits an increase in cell-cell
contacts mediated by cell–cell adhesion mole-
cules, such as N-cadherin and N-CAM, and gap
junctions that facilitate intercellular commu-
nication [Coelho and Kosher, 1991a,b; Coelho
et al., 1993; Cohn et al., 1995; Kelley andFallon,
1978]. The resulting high cell density is a re-
quirement for chondrogenesis to occur [Ahrens
et al., 1977; Osdoby and Caplan, 1979] and the
level of chondrogenesis is directly related to the
extent of condensation [San Antonio and Tuan,
1986; Evans and Tuan, 1988].
The process of cellular condensation is di-

rected by cell interactions with extracellular
matrix proteins such as fibronectin, cell–cell
adhesion mediated by membrane proteins such
asN-cadherin andN-CAM, and secreted factors
of the transforming growth factor-b (TGF-b)
family. It has been demonstrated that TGF-b1
up-regulates expression of fibronectin, which in
turn regulatesN-CAM[Hall andMiyake, 1995];
in addition, N-cadherin expression may also be
regulated by BMP-2, a member of the TGF-b
superfamily [Haas and Tuan, 1999]. The estab-
lishment of cell–cell interactions duringmesen-
chymal condensation is presumably involved
in triggering one or more signal transduction
pathways that initiate chondrogenesis. A key
cell adhesion molecule implicated in this pro-
cess is N-cadherin.
N-Cadherin is a member of the cadherin

superfamily that consists of many members
divided into six subgroups based on structural
similarities. N-Cadherin, a member of the clas-

sical cadherin subgroup, is a Ca2þ-dependent,
single transmembrane glycoprotein that med-
iates cell–cell adhesion by homotypic protein–
protein interactions through its extracellular
domain (see review byYagi andTakeichi, 2000).
The extracellular domain is composed of five
tandem repeats termed cadherin repeats that
form four Ca2þ binding sites, responsible for
maintaining the extracellular domain in a stiff,
rod-like conformation that forms a linear cell
adhesion ‘‘zipper’’ with N-cadherin proteins on
opposing cell membranes [Pokutta et al., 1994;
Tong et al., 1994; Shapiro et al., 1995; Aberle
et al., 1996]. TheN-terminal repeat contains the
histidine-alanine-valine (HAV)homotypicbind-
ing site common to all cadherins. The cytoplas-
mic domain is responsible for binding the actin
cytoskeleton via the catenin family of proteins
[Kemler, 1993; Jou et al., 1995; Suzuki, 1996;
Alattia et al., 1999].

N-Cadherin was first identified in neural
tissues, but has since been identified in many
other tissues, such as somites, lens, heart, and
mesenchymal tissues including developing limb
mesenchyme [Hatta et al., 1987; Oberlender
and Tuan, 1994b; Lee et al., 1997; Linask et al.,
1998]. The importance of N-cadherin in em-
bryonic development is underscored by the
finding that N-cadherin knockout mice die by
gestational day 10 primarily because of the
failure of the heart to form [Radice et al., 1997].
N-Cadherin is expressed in the limb mesen-
chyme in a spatiotemporally specific manner
suggestive of a role in cellular condensation and
chondrogenesis [Oberlender and Tuan, 1994b].
Immunohistochemical localization of N-cadher-
in in embryonic chick limb reveals a sparsely
scattered expression pattern in the central core
region during the precartilage stage. Expres-
sion dramatically increases in the central core
region as condensation begins and diminishes
as differentiation begins. Mature cartilage is
completely devoid of N-cadherin, while the cells
in the surrounding perichondrium still exhibit
high levelsofN-cadherin [OberlenderandTuan,
1994a]. A similar pattern of N-cadherin expres-
sion is seen in high-density micromass cultures
of limb mesenchyme in vitro [Oberlender and
Tuan, 1994a,b].

The spatiotemporal regulation of N-cadherin
during chondrogenesis suggests that N-cadher-
in mediated cell–cell interactions may be im-
portant in the early stages of chondrogenesis,
i.e., condensation. In fact, the NCD-2 function
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blocking monoclonal antibody to chick N-cad-
herin [Hatta and Takeichi, 1986] inhibits
cellular condensation and subsequent chondro-
genesis of limbmesenchyme in vivo and in vitro
[Oberlender and Tuan, 1994a,b]. This effect
could be the result of inhibition of gap junction
formation among the mesenchymal cells, and
the interruption of crucial cell–cell interactions
and intercellular communication; for example,
antibodies to N-cadherin block gap junction for-
mation in lens fiber cells [Frenzel and Johnson,
1996]. Interestingly, in high density cultures of
murine C3H10T1/2 cells induced to undergo
chondrogenesis with BMP-2, a concomitant in-
crease in N-cadherin mRNA and protein was
seen; also, in this chondrogenic system, treat-
ment with an N-cadherin peptidomimic conta-
ining the HAV sequence required for homotypic
interaction, inhibited chondrogenesis in a dose-
dependent manner [Haas and Tuan, 1999].

In this study, we have directly examined
the functional role of N-cadherin during cel-
lular condensation and chondrogenesis in high-
density chick limbmicromass cultures. In these
cultures,mesenchymalcellsrecapitulateinvitro
a portion of the in vivo chondrogenic pathway,
i.e., mesenchymal cells first undergo conden-
sation forming cell aggregates that ultimately
differentiate into cartilage nodules [Ahrens
et al., 1977; Solursh et al., 1978]. Our approach
is to transfect limb mesenchymal cells with
replication competent avian retroviral-N-cad-
herin constructs encoding wild type and two
deletion mutant constructs of N-cadherin, in
order to perturb the temporal as well as quali-
tative characteristics of N-cadherin in these
cells, and then examine the subsequent effects
on chondrogenesis in micromass cultures. We
report here that misexpression of wild type or
mutant N-cadherin proteins inhibited chondro-
genesis as assessed by alcian blue staining,
[35S]-sulfate incorporation, collagen type II
and cartilage proteoglycan link protein immu-
nohistochemistry. Cultures overexpressing
the wild type N-cadherin protein demonstra-
ted adequate cellular condensation, but were
unable to proceed down the chondrogenic path-
way, possibly due to increased cell adhesive-
ness resulting from the prolonged expression of
N-cadherin in cells that, under normal circum-
stances, would be down-regulating N-cadherin
expression. Both mutant N-cadherin proteins
inhibited chondrogenesis at the level of cel-
lular condensation, most likely by acting as a

dominant-negative inhibitor of the endoge-
nous N-cadherin protein. Of the two mutant
proteins, the extracellular domain deletion
mutant had the more severe effect on chondro-
genesis by almost completely inhibiting me-
senchymal cell condensation. Taken together,
these data strongly support a functional role
for N-cadherin in mediating mesenchymal cell
chondrogenesis, specifically at the level of cel-
lular condensation.

MATERIALS AND METHODS

Chick Embryos

Fertilized SPF-11 (C/E) White Leghorn chi-
cken eggs were obtained from Charles River
SPAFAS, Inc. (Preston, CT) and incubated at
378C in a humidified incubator for the desired
period of time.

Construction of Viral Constructs

The expandTM long template polymerase
chain reaction (PCR) system (Boehringer Man-
nheim) was used to amplify the coding region
of wild type and two deletion mutants of N-cad-
herin from the expression plasmids pMiwcN,
pMiwcND, and pMiwcN390D [kindly provided
by Dr. Masatoshi Takeichi [Fujimori and
Takeichi, 1993]] containing cDNAs for the wild
type (WT), cytoplasmic deletion mutant (ND),
and extracellular deletion mutant (390D) of
N-cadherin, respectively, using the following
primers:

Forward primer (all): 50 ATAATAGGCGCC-
ATGTGCCGGATAGCGGGA 30

Reverse primer (WT & 390D): 50 ATAATA-
GGCGCCTCAGTCATCACCTCCACCGTA 30

Reverse primer (ND): 50 ATAATAGGCGCCT-
CACAAGGATCCAGCAGTGGAGCC 30

These primers are designed to add a Nar I
restriction site (underlined and bolded) to both
the 50 and 30 ends of the amplified cDNAs. The
PCR products were digested with Nar I re-
striction enzyme (Promega) and purified using
Clontech Chroma SpinTM columns (Palo Alto,
CA) following the manufacturer’s protocol.
Following agarose gel electrophoresis, PCR
products of 2.7, 2.6, and 1.5, corresponding to
WT, ND, and 390D, respectively, were detected
by ethidium bromide staining. Purified PCR
products were subcloned into the replication-
competent, avian leukemia virus LTR, splice
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acceptor, Bryan high titer polymerase, A-envel-
ope subgroup RCASBP(A) viral DNA [kindly
provided by Dr. Steven Hughes, National Insti-
tutes of Health; Sorge and Hughes, 1982] that
was linearized by digestion with Cla I restric-
tion enzyme (Promega) and treated with calf
intestinal alkaline phosphatase (CIAP; Promega)
to prevent recircularization of the viral DNA.
The Nar I restriction fragments were ligated to
the complementaryCla I restricted vectorDNA,
resulting in destruction of both restriction re-
cognition sequences. Ligated DNA was trans-
formed into competent Eschericia coli JM109
cells (Promega) andgrownovernight onLBagar
plates containing ampicillin (50 mg/ml; Sigma).
Individual bacterial colonies were picked from
the agar plates and 5 ml overnight cultures
grown. Plasmid DNA was isolated using the
Qiagen spin mini-prep kit (Qiagen). The pre-
sence of an insert was detected by performing
PCR on the plasmid DNA using the following
primers that flanked the Cla I cloning site in
RCASBP(A):

(forward)50AACTCCATCAGCTACCACACGG30

(reverse) 50 GCGTTGATGCAATTTCTATGCG-
CACCCGTTCTC 30

Plasmid DNA found to have an insert was
subjected to sequencing to verify correct orien-
tation and sequence of the insert.

Testing Viral Constructs for Production of Viral
Particles and Recombinant Proteins

Chick embryo fibroblasts (CEF) were isolated
as described by Morgan and Fekete [1996]. For
transfection, CEFs were plated in a 12-well
tissue culture dish (Costar, Corning, NY) at ap-
proximately 40% confluency, and SuperfectTM

(Qiagen) reagent, applied as per the manufac-
turer’s instructions for adherent cells, was used
to transfect the RCASBP(A)-N-cadherin viral
constructs and empty RCASBP(A) DNA. The
cells were then transferred to 75 cm2 tissue
culture flasks and expanded by splitting every
2–3 days to keep the cells proliferating, al-
lowing for viral infection of uninfected cells.
Immunohistochemistry was performed on
CEFs to detect the production of viral particles
using an antibody directed against the p19 gag
coat protein of RCASBP(A) and recombinant
protein production was examined by Western
blotting of total cell lysate from CEFs (see
below).

Isolation, Electroporation-Transfection, and
Micromass Culture of Limb Mesenchymal Cells

Primary embryonic chick limb mesenchymal
cells were isolated as described by Ahrens et al.
[1977] and modified by San Antonio and Tuan
[1986]. Briefly, limb buds were dissected from
Hamburger-Hamilton (HH; 1951) stage 23/24
chick embryos and enzymatically dissociated
into Ca2þ- and Mg2þ-free saline plus glucose
(CMFSG)containing0.1%trypsintypeII (Sigma),
0.1% collagenase (Worthington Biochemical,
Freehold, NJ), and 12.5% chick serum (Sigma).
Isolated cells were resuspended in CMFSG plus
10% calf serum, counted using a hemacyto-
meter in the presence of trypan blue (>95% dye
exclusion), and adjusted to 40� 106 cells/ml.
DNA transfection was performed as described
by [DeLise and Tuan, 2000]. Briefly, a 400 ml
aliquot of the cell suspension was placed into
a 0.4 cm gap width electroporation cuvette
(Invitrogen). Ten microgram of the desired
RCAS-N-cadherin expression constructs [R-CT,
empty RCASBP(A); R-WT, wild type N-cad-
herin; R-ND, cytoplasmic deletion mutant; or
R-390D, extracellular deletion mutant] was ad-
ded to the cuvette. The b-galactosidase expres-
sion vector (pRSVLacZII; a kind gift ofDr. Lloyd
Culp, Case Western Reserve University) was
used for visualization and determination of
transfection efficiency (see below). The cells
were given a single electrical pulse using the
Invitrogen Electroporator II electroporation
apparatus set at 380 volts (V), 250 micro Farad
(mF), and1 ohms (O). Cells were plated in 10 ml
drops (unless stated otherwise) in 24-well tissue
culture plates (Costar, Corning, NY), allowed to
attach for 1.5 h in a humidified incubator at
378Cwith 5%CO2, and then coveredwith 1ml of
culture medium (CM) containing Ham’s F-12,
10% fetal bovine serum (FBS; Atlanta Biologi-
cal, Norcross, GA), 0.2% chick embryo extract
(CEE; GibcoBRL), and 0.5% penicillin-strepto-
mycin (Sigma). Culture medium was replaced
daily.

Characterization of Electroporation-Transfection
of Chick Limb Mesenchymal Cells

Transfection efficiency of electroporated
cells was determined as described previously
[DeLise and tuan, 2000]. Embryonic chick limb
mesenchymal cells electroporated with the b-
galactosidaseexpressionplasmid (pRSVLacZII)
were stained with X-Gal (Research Organics,
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Cleveland, OH), and the percentage of stained
cells determined microscopically.

Cell viability of electroporated cellswasdeter-
mined as described in [DeLise and Tuan, 2000].
Briefly, the culture medium of micromass cul-
tures was replaced on day 1with medium
containing MTT [3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide] (Molecular
Probes, Eugene, OR) [Mosmann, 1983; Gerlier
and Thomasset, 1986]. After incubation for 4 h,
cultures were rinsed in PBS and the purple for-
mazan crystals were dissolved with acid alcohol
(0.04 N HCl in isopropanol), and A560 deter-
mined. The concentration of viable cells after
electroporation was determined by comparison
with the A560 values of cultures of control cells
plated at known cell densities.

Immunodetection and Histochemical
Procedures

Immunoblot analysis of N-cadherin.
Confluent cultures of CEFs or micromass cell
culture samples grown for 1–3 days, were solu-
bilized inRIPAbuffer, pH7.4, containing50mM
Tris, 1% NP-40, 0.1% SDS, 0.1% Na deoxycho-
late, 5 mM EDTA, 5 mM EGTA 150 mM NaCl,
and the protease and phosphatase inhibitors
phenylmethylsulfonylfluoride(1mM),aprotinin
(2 mg/ml), leupeptin (20 mM), sodium orthova-
nadate (1mM), and sodiumfluoride (40mM) (all
from Sigma) and the protein concentration
determined (Micro BCA kit, Pierce Chemical,
Rockford, IL). Total protein concentration in all
samples was adjusted to 25 mg in a reducing
sample buffer containing b-mercaptoethanol
and analyzed by electrophoresis on a 7.5% poly-
acrylamide SDS gel. The proteins were electro-
phoretically transferred to 0.2 mmnitrocellulose
and incubated with purified monoclonal anti-
body NCD-2 (see below) followed by incubation
with an alkaline phosphatase conjugated goat
anti-rat secondary antibody (Zymed; 1:25,000).
After washing, the blots were developed histo-
chemically with Nitro blue tetrazolium and 5-
bromo-4-chloro-3-indolyl phosphate p-toluidine
salt (BCIP-NBT; Sigma).

Immunoprecipitation. Protein extracts
were pre-clearedwith 10%Protein A-Sepharose
CL-4B (Pharmacia). Each protein (200–300 mg )
was incubated in a total volume of 1.0 ml of
immunoprecipitation buffer (20 mM Tris-HCl,
pH 7.2, 2% Triton X-100, 1% NP-40, 300 mM
NaCl, and 3.0 mM CaCl2) containing protease
inhibitors [e-amino caproic acid (50 mM), phe-

nylmethyl sulfonyl fluoride (1 mM), benzami-
dine hydrochloride (5 mM)] and 0.25 mg/ml
NCD-2 or b-catenin antibody for 1 h at 48C.
Immunoprecipitation was carried out by incu-
bation with 50 ml of Protein A-Sepharose CL-4B
(50% slurry); the beads were pelleted by centri-
fugation and then extracted by boiling in SDS–
PAGE sample buffer containing b-mercap-
toethanol and proteins examined by Western
blotting.

Whole-mount immunohistochemistry.
CEFs or micromass cultures grown for up to
3 days in culture were fixed with 4% parafor-
maldehyde for 20min, rinsed, blockedwith 10%
normal goat serum, and incubated with various
primary antibodies. Immunodetection was per-
formed using the Zymed HistostainTM-SP Kit
(Zymed Laboratories, SanFrancisco, CA) follo-
wed by visualization with AEC chromogen
substrate. For N-cadherin, purified NCD-2 IgG
was used as the primary antibody (1:250 in TBS
containing 1.5 mM Ca2þ). For collagen type II,
cultures were first digested with hyaluronidase
(300 U/ml in PBS; Sigma) for 40 min at 378C
prior to incubation with the primary monoclo-
nal antibody, II-II6B3 (1:250 in TBS contain-
ing 0.05% Tween-20; Developmental Studies
Hybridoma Bank) [Linsenmayer and Hendrix,
1980]. For cartilage proteoglycan link protein,
cultures were first digested with 1.5 U/ml chon-
droitinase ABC (Sigma) in 50 mM Tris, pH 8.0,
and 30 mM sodium acetate for 40 min at 378C
[Rapraeger et al., 1985] prior to incubation with
the primary monoclonal antibody, 9/30/8-A-4
(1:250 in TBS containing 0.05% Tween-20;
Developmental Studies Hybridoma Bank). For
detection of the viral p19 gag protein, purified
monoclonal antibody AMV-3C2 was used as
the primary antibody (1:250 in TBS contain-
ing 0.05% Tween-20; Developmental Studies
Hybridoma Bank).

Monoclonal antibodies. TheNCD-2rathy-
bridoma (a kind gift of Dr. Masatoshi Takeichi)
produces a monoclonal antibody that speci-
fically recognizes the extracellular binding
region of N-cadherin and effectively inhibits
normal binding function [Hatta and Takeichi,
1986]. IgG antibodies were isolated from the
hybridoma supernatant by ammonium sulfate
precipitation and bulk phase DEAE-Sephadex
ion-exchangechromatography[HarlowandLane,
1988], and stored at �208C.

Peanut agglutinin (PNA) staining. To
visualize cellular condensation [Zimmermann
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and Thies, 1984; Aulthouse and Solursh, 1987;
Milaire, 1991], micromass cultures of limb
mesenchymal cells were harvested at various
times during the 3-day culture period, fixed
with 4% paraformaldehyde for 20 min, rinsed,
and incubated with horseradish peroxidase
conjugated peanut (Arachis hypogaea) aggluti-
nin (Sigma; 100 mg/ml) for 30–60 min at room
temperature. PNA binding was detected using
the AEC colorimetric substrate (Zymed).
Alcian blue staining. Micromass cultures

were grown for 3 days, rinsed with PBS, fixed
with 4% paraformaldehyde for 20 min, rinsed
with PBS, and then stained overnight with 1%
Alcian blue dye, pH 1.0, at room temperature
[Lev and Spicer, 1964] to detect sulfated pro-
teoglycan matrix. Cultures were then rinsed
and viewed using a Wild stereomicroscope.

Metabolic Sulfate Labeling

On day 2 of culture, 1 ml of culture medium
containing 2.5 mCi/ml of sodium [35S]-sulfate
and 1.0 mCi/ml of [3H]-leucine (DuPont NEN)
was added to each micromass culture plated in
24-well tissue culture plates (Corning/Costar).
After 24-h, the cultures were rinsed twice with
PBS and fixed in 4% paraformaldehyde for
20 min at room temperature. [35S]-Sulfate and
[3H]-leucine incorporation in individual cultures
was determined by liquid scintillation counting
using a dual isotope counting program.

RESULTS

Viral Particle and Recombinant N-cadherin
Protein Production in Chick Embryo Fibroblasts

A major technical requirement of this study
was the expression cloning of N-cadherin cDNA
sequences into the RCAS retroviral vector,
which has limited size capacity for inserts
[Morgan and Fekete, 1996]. The subcloning
procedure undertaken here was the result of
extensive optimization steps and produced
stable expression constructs of relatively large
cDNA, inserts (WT,2.7kb;ND, 2.6 kb; and390D,
1.5 kb). PCR was used to amplify the coding
region of wild type and two mutant forms of
N-cadherin from expression vectors and the
PCR products were subsequently sub-cloned
into the replication competent avian retrovirus
RCASBP(A). The wild type sequence encodes
the full length N-cadherin protein (R-WT), the
cytoplasmic deletion lacks the last 36 amino
acids of the cytoplasmic tail that binds to

b-catenin (R-ND), and the extracellular dele-
tion protein is missing 390 amino acids of the
extracellular domain, but contains an epitope
recognized by the NCD-2 antibody (R-390D)
(Fig. 1A).

Empty RCASBP(A), (R-CT), and RCAS-N-
cadherin viral constructs were transfected into
CEFs and examined for the ability of viral DNA
to incorporate into the host cell and produce
viral particles and recombinant N-cadherin
proteins. Immunohistochemical detection of the
viral p19 gag protein performed using theAMV-
3C2 antibody showed positive CEF cells 1 day
after transfection (Fig. 1D). The number of cells
staining positive increased with culture time,
indicating that viral particles were being re-
leased into the medium and infecting cells that
were not transfected initially (data not shown).
Non-transfected CEF cells did not stain positive
with this antibody (Fig. 1E). Additionally, pro-
duction of infectious viral particles was verified
by treating CEFs with conditioned media from
R-CT, R-WT, R-ND, and R-390D transfected
CEFs and subsequent detection of the viral
p19 gag coat protein (immunohistochemistry)
and recombinant protein (immunoblot) in these
treated cultures. All treatments resulted in
positive staining for viral coat protein and
produced NCD-2 immunoreactive bands on a
Western blot corresponding to the size of N-
cadherin (data not shown).

Western blot analysis showed that CEFs tran-
sfected with the RCAS-N-cadherin constructs
produced proteins of 130, 120, and 52 kDa,
corresponding to the wild type (R-WT), cyto-
plasmic deletion (R-ND), and extracellular dele-
tion (R-390D) forms of N-cadherin, respectively
(Fig. 1F). Uninfected CEFs have a low level of
endogenous N-cadherin (Fig. 1F). In addition,
the Western blot results also demonstrated
that the recombinant proteins were immunor-
eactive to the NCD-2 antibody whose target
includes the HAV homotypic binding site, and
whose binding prevents N-cadherin function
[Hatta and Takeichi, 1986; Oberlender and
Tuan, 1994a].

Transfection Efficiency and Cell Viability of
Micromass Cultures of Limb Mesenchymal Cells

Applying a recently developed method for
rapid transfection of dissociated chick limb
mesenchymal cells prior to plating in high
density micromass culture [DeLise and Tuan,
2000], and using the b-galactosidase expression
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vector (pRSVLacZII),HHstage 23/24 chick limb
mesenchymal cells transfected as described in
Materials and Methods, showed a transfection
efficiency ranging from 25–45%, as assessed
by staining with X-Gal (Fig. 1B–C). More im-
portantly, the transfected cells were able to
participate in the formation of precartilage
condensations and subsequent cartilage nodu-
les [DeLise and Tuan, 2002].

Although very rapid, electroporation medi-
ated transfection generates pores in the plasma
membrane of cells, a process from which only a
fraction of cells recover [Chang, 1997]. Con-
sequently, a high mortality rate is associated
with this procedure. Using the MTT cell viabi-
lity assay, we determined that 40–50% of
the electroporated chick mesenchyme cells are
not viable as a result of the electroporation

Fig. 1. Schematic diagram of RCAS-N-cadherin viral constructs
and analysis of viral p19 gag and recombinant N-cadherin
protein expression in chick embryo fibroblasts. A: Schematic
diagram of the RCAS-N-cadherin viral expression constructs
showing the wild type (R-WT), the cytoplasmic domain deletion
mutant (R-ND) that lacks 36 amino acids from the C-terminal end
effectively deleting the b-catenin binding site, and the extra-
cellular domain deletion (R-390D) that lacks 390 amino acids
from the extracellular domain but maintains the HAV homotypic
binding site recognized by the NCD-2 antibody. B: Low magni-
fication view of micromass culture transfected with pRSVLacZII
expression plasmid and stained with X-Gal to visualize cells

producing b-galactosidase (blue). The transfection efficiency
averaged between 25–45%. C: Higher magnification view of
the same X-Gal stained culture. D–E: High magnification view of
CEF cells transfected with R-WT (D) or control cells (E) and
immunostained for the expression of RCAS p19 gag coat protein.
Transfected CEFs showed expression of the viral protein.
F: Immunoblot analysis of recombinant N-cadherin protein
expression in CEF cells transfected with R-WT, R-ND, or R-390D.
Uninfected CEFs showed a small amount of endogenous
N-cadherin expression. R-WT, R-ND, and R-390D transfected
cells showed a high level of recombinant protein expression
(�130, �120, and �52 kDa, respectively). Bars¼ 100 mm.
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process under our conditions. By doubling
the usual cell concentration used in our micro-
mass procedure [Ahrens et al., 1977; San
Antonio and tuan, 1986; DeLise and Tuan,
2000] for the electroporated cells, the final
concentration of viable cells was expected to be
20–24� 106 cells/ml [DeLise and Tuan, 2002],
approximating the known optimal concentra-
tion for chondrogenesis.

Immunoblot Analysis of Endogenous and Viral
Infection Mediated Exogenous N-Cadherin
Expression in Micromass Cultures of Limb

Mesenchymal Cells

Immunohistochemistry for viral p19 gag
protein was performed on micromass cultures
electroporatedwith RCAS-N-cadherin viral con-
structs on culture days 1, 2, and 3 showed
positive staining on day 1 (Fig. 2A), which
increased on successive days in culture, so that
by day 3, almost every cell stained positive
(Fig. 2B–C). In day 3 cultures, areas devoid of
staining correlated to differentiated nodules,
which are rich in cartilage extracellular matrix
(Fig. 2C, arrows). However, upon higher mag-
nification, positively stained chondrocytes could
be detected encased in thematrix. This observa-
tion indicated the high efficiency and complete-
ness of the retroviral transductions.
Western blot analysis of the control micro-

mass cultures showed ahigh level ofN-cadherin
protein on culture day 1 that decreased over
subsequent days in culture, as previously des-
cribed [Oberlender and Tuan, 1994b] (Fig. 2D,
R-CT).Micromass cultures transfectedwith the
RCAS-N-cadherin viral constructs showed a
high level of recombinant protein expression
on each culture day. Wild type (R-WT) trans-
fected cultures showed a higher level of N-
cadherin protein on culture day 1 compared to
controls that increased on subsequent days
in culture. The mutant transfected cultures
showed immunoreactive proteins of 120 and
52 kDa, corresponding to the cytoplasmic dele-
tion (R-ND) and extracellular deletion (R-390D),
respectively. Expression level of the mutant
proteinswere approximately the sameas that of
the endogenous N-cadherin in the respective
cultures on day 1, but increased considerably
relative to the endogenousN-cadherin on days 2
and 3 (Fig. 2D, R-ND and R-390D). Interest-
ingly, expression of the endogenous N-cadherin
protein in R-ND transfected cultures did not
show time-dependent down regulation as for

normal limb mesenchyme micromass cultures
[Oberlender and Tuan, 1994b] and seen here in
theR-CT group, but instead remainedhigher on
days 2 and 3 compared to controls. The endo-
genous N-cadherin protein in R-390D trans-
fected cultures also did not appear to be down

Fig. 2. Immunohistochemical detection of RCAS p19 gag coat
protein and immunoblot analysis of endogenous and exogenous
N-cadherin in micromass cultures as a function of culture time.
A–C: Micromass cultures transfected with RCAS-N-cadherin
viral constructs or empty vector control were stained on days 1, 2,
and 3 for RCAS p19 gag coat protein expression using AMV-3C2
antibody. Presented are the results for R-390D; the other con-
structs had similar results. A: Day 1 culture showing high level of
p19 gag expression throughout culture. B: Day 2 culture showing
an increase in staining. C: Day 3 culture showing almost all cells
staining positive for p19 gag protein. Differentiated, matrix-rich
cartilaginous nodules were negative for staining; however,
chondrocytes encased in the matrix stained positive when
observed under higher magnification (arrows). Bar¼ 100 mm.
D: Immunoblot analysis of N-cadherin in RCAS-N-cadherin
transfected micromass cultures. In control cultures (R-CT),
the level of N-cadherin protein (�130 kDa) is highest on Day 1
and then decreases on subsequent days in culture as reported
previously [Oberlender and Tuan, 1994b]. R-WT, R-ND, and
R-390D transfected cultures showed a high level of the
recombinant proteins on Day 1 (�130, �120, and �52 kDa,
respectively) and expression of the transgenes increased on
subsequent days in culture. The endogenous N-cadherin protein
in the R-ND and R-390D transfected cultures remained higher
than that of the control cultures on Days 2 and 3, with a slight
decrease in electrophoretic mobility in the R-390D transfected
group on Days 2 and 3.
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regulated and in addition, displayed a some-
what lower electrophoretic mobility on the gel
compared to that seen in R-CT, R-N, and R-ND.
The reason for the stabilization and lower-
ed electrophoretic mobility of the endogenous
N-cadherin in cultures expressing the mutant
N-cadherin proteins is not known.

Immunoprecipitation Analysis of Endogenous
and Exogenous N-Cadherin Protein

Functional cadherin depends on its interac-
tions with b-catenin and the other catenins
for the assembly of the cadherin-catenin-actin
adhesion complex [Kemler, 1993]. To test the
ability of the recombinant proteins to bind
b-catenin, we performed immunoprecipita-
tion analysis using a b-catenin antibody and
then probed the Western blot with the NCD-2
anti-N-cadherin antibody. The R-CT and R-ND
transfected cultures showed a strong N-cad-
herin band on day 1 that decreased over
subsequent days and whose profile matched
that of the expected N-cadherin expression
pattern (Fig. 3A, R-CT and R-ND). The R-ND
protein lacks the b-catenin binding domain;
therefore, the pattern should mimic that of the
R-CT as demonstrated. Cultures overexpres-
sing the R-WT and R-390D viral constructs
showed strong bands of 130 and 52 kDa on days
1 and 2, respectively, that increased further on
subsequent days (Fig. 3A, R-WT and R-390D).
The equivalence of b-catenin protein levels
in the samples was assessed by immunoblot
analysis of the b-catenin immunoprecipitate
b-catenin antibody. The results showed similar
levels of b-catenin in cultures transfected with
the RCAS-N-cadherin constructs and the con-
trol cultures on each culture day (Fig. 3B).

We also performed an immunoprecipitation
using theNCD-2 antibody followed by b-catenin
Western blot. Again, the R-CT and R-ND trans-
fected cultures showed profiles that mimicked
each other because the R-ND protein cannot
bind b-catenin (data not shown). Both the R-WT
and R-390D transfected cultures showed incre-
ased levels of b-catenin with the highest levels
occurring on day 3 (data not shown). Taken
together, these data demonstrate that the re-
combinant proteins, i.e., WT and 390D, are
interacting with b-catenin in a manner sugges-
tive of a functional N-cadherin protein in terms
of catenin binding as well as immunoreactivity
with the NCD-2 antibody, i.e., the presence of
the HAV homotypic binding site of N-cadherin.

Whole-Mount Immunohistochemical
Detection of N-Cadherin

Immunohistochemistry of micromass cul-
tures transfected with RCAS control or RCAS-
N-cadherin viral constructs was performed on
days 1–3 using the NCD-2 anti-N-cadherin

Fig. 3. Analysis of N-cadherin-b-catenin association in micro-
mass cultures transfected with RCAS-N-cadherin constructs.
Western blots (WB) of b-catenin immunoprecipitates (IP) were
probed with N-cadherin or b-catenin antibodies to determine
their level of association. A: A decrease in b-catenin association
with endogenous N-cadherin from Day 1 to 3 in the R-CT, R-ND,
and R-390D groups is seen and correlates well with the normal
N-cadherin protein expression. A change in association is not
anticipated in the R-ND group since the recombinant protein
lacks the b-catenin binding site and is thus unable to interact
with b-catenin. Cultures overexpressing the R-WT constructs
show a strong N-cadherin association with b-catenin on Day 1
and this association increases dramatically on subsequent days.
In R-390D cultures, a time-dependent increase in b-catenin
association with the 52 kDa R-390Dmutant form of N-cadherin is
also seen. Arrows 130 kDa; arrowheads, 52 kDa. B: b-catenin
Western blot analysis of the b-catenin immunoprecipitate indi-
cates that all cultures have similar levels of b-catenin on each
culture day suggesting that b-catenin level is not a limiting factor.
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antibody. Micromass cultures transfected with
R-WT, R-ND, and R-390D all showed an incre-
ase in staining on culture day 1 compared to
controls (Fig. 4A–D). A continued increase in
staining intensity was observed in these same
groups on subsequent days in culture compared
to controls (data not shown), supporting the
Western blot data.

Effect of Expressing Wild Type and Mutant
Forms of N-Cadherin on Cellular Condensation

The effect of overexpressing N-cadherin on
cellular condensation was examined histo-
chemically by staining with PNA, a galactose-
specific lectin that recognizes b-D-Gal-NAc-D-
Gal, a cell membrane carbohydrate moiety
found on condensing chondroprogenitor cells
[Zimmermann and Thies, 1984; Aulthouse and

Solursh, 1987;Davies et al., 1990;Milaire, 1991;
Oakley et al., 1994]. On day 1, R-CT, R-WT,
and R-ND all showed uniform PNA staining
(Fig. 5A–C), while the R-390D cultures showed
a slight decrease in PNA staining compared
to all other cultures (compare Fig. 5D to A–C).
By day 2, R-CT and R-WT showed similar PNA
staining (Fig. 5E–F) while R-ND and R-390D
showed a decrease in PNA staining compared
to the controls (compare Fig. 5G–H to E), in-
dicating an inhibition of cellular condensation.
On culture day 3, R-WT has a slight decrease
in PNA staining compared to R-CT (compare
Fig. 5J to I). R-ND has significantly less PNA
staining compared to controls (compare
Fig. 5K to I) and R-390D has essentially no
PNA staining (Fig. 5L), indicating the absence
of any cellular condensation.

Effect of Overexpressing Wild Type and Mutant
Forms of N-Cadherin on Chondrogenesis

Alcian blue staining. Micromass cultures
overexpressing the RCAS-N-cadherin viral con-
structs showed an inhibition of cartilage differ-
entiation on day 3 as assayed by Alcian blue
staining. Cultures expressing R-WT showed
decreased alcian blue staining compared to the
control cultures (compare Fig. 6B to A). Expres-
sion of both mutants resulted in significant
decrease in Alcian blue staining compared to
the controls, with R-390D having the greatest
inhibitory effect by almost completely elimi-
nating cartilage formation (compare Fig. 6C–D
to A).

[35S]-sulfate incorporation. A statisti-
cally significant decrease in metabolic [35S]-
sulfate incorporation relative to total protein
synthesis ([3H]-leucine incorporation) was seen
in R-WT, R-ND, and R-390D overexpressing
cultures compared to the controls (R-CT)
(Fig. 6E).

Immunohistochemistry of cartilage
matrix. Chondrogenesis was assessed by im-
munostaining for collagen type II, the major
collagenous protein in cartilage matrix [Upholt
and Olsen, 1991], and cartilage proteoglycan
link protein [Stirpe and Goetinck, 1989]. Day 3
micromass cultures overexpressing the wild
type or either deletion mutant N-cadherin pro-
tein showed decreased staining for both col-
lagen type II and link protein compared to
controls (compare Fig. 7B–D to A and Fig. 7F–
H to E, respectively). Cultures overexpres-
sing R-390D had the most severe inhibition of

Fig. 4. Immunohistochemical detection of N-cadherin protein
in micromass cultures transfected with RCAS-N-cadherin con-
structs. All cultures were stained on Day 1 for N-cadherin protein
using the monoclonal antibody NCD-2. A: Control cultures
showed staining for N-cadherin protein throughout the culture.
B–D: Micromass cultures transfected with R-WT, R-ND, and
R-390D constructs showed an increase in N-cadherin staining
compared to control cultures (A; R-CT). Bars¼100 mm. [Color
figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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staining for both matrix proteins with staining
barely above background. These data further
support and confirm the Alcian blue histochem-
ical and [35S]-sulfate incorporation data.

DISCUSSION

In this study, we have used a replication com-
petent avian retrovirus to efficiently express
recombinant wild type and deletion mutant
N-cadherin proteins in embryonic chick limb
bud micromass cultures. The results clearly
show that overexpressing wild type or deletion
mutant forms of N-cadherin that perturb extra-
cellular homotypic binding or binding to the
catenin proteins and therefore to the actin
cytoskeleton, inhibits chondrogenesis of limb
mesenchymal cells in vitro. Overexpressing of
wild type N-cadherin did not appear to affect
cellular condensation on the basis of PNA
staining, whereas overexpression of either

mutant N-cadherin protein suppressed cellular
condensation beginning onday 1 forR-390Dand
day 2 for R-ND. Although cellular condensation
appeared normal, the wild type N-cadherin
expressing cultures showed a reduction in
differentiated cartilage, on the basis of alcian
blue staining, collagen type II and link protein
production, and [35S]-sulfate incorporation into
newly synthesized extracellular matrix. Cul-
tures expressing either N-cadherinmutant also
showed a significant reduction in differentiated
cartilage compared to controls using the same
markers for cartilage differentiation; however,
the degree of inhibition was greater for the ex-
tracellular deletion mutant (R-390D) compared
to the cytoplasmic deletion mutant (R-ND).
Given the developmentally regulated expres-
sion pattern of N-cadherin mRNA and protein
in the embryonic limb,withmaximal expression
occurring at cellular condensation [Oberlender

Fig. 5. Analysis of cellular condensation in chick limb micro-
mass cultures transfected with RCAS-N-cadherin constructs
demonstrated by PNA staining. A–D: On Day 1, PNA staining
was uniform in R-CT, R-WT, and R-ND groups while a slight
decrease in PNA staining was seen in the R-390D group. E–H: By
Day 2, a decrease in PNA staining is seen in the R-NDand R-390D
groups G, H: compared to controls (E). Cultures overexpressing

the wild type N-cadherin (R-WT) (F) showed PNA staining
similar to that of the control (E). I–L: On Day 3, the control
cultures (I) and cultures overexpressing wild type N-cadherin
(J; R-WT) displayed similar PNA staining again while R-ND
cultures (K) showed a decrease in PNA staining compared to the
controls (I). R-390D cultures (J) showed almost no PNA staining
on Day 3.
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and Tuan, 1994b], the in vitro effects observed
here are thus consistent for a functional role
for this cell–cell adhesion molecule in chondro-
genesis, specifically during the cellular conden-
sation phase.

The RCAS N-cadherin constructs described
here were robust and resulted in high effici-
ency transfection and stable expression of the
N-cadherin constructs in HH stage 23/24 chick
embryos. Thus, mesenchymal cells show a high
level of virus expression, on the basis of p19 gag
protein, on culture day 1 and an increase in
expression on each successive day in culture.
This correlates well with the expression of the
transgenes; R-WT overexpressing cells show an
elevated level of expression of wild type protein
(�130 kDa) on day 1 compared to controls and
the expression continues to increase on each
successive day. The same expression pattern
is seen for the recombinant proteins in R-ND
(�120 kDa) and R-390D (�52kDa) transfected
cultures (Fig. 2D). The temporal expression
profile seen in these cultures is directly opposite
to that of endogenous N-cadherin gene in the
controls, and to that observed by [Oberlender
andTuan, 1994b], i.e., ahigh level ofN-cadherin
protein on day 1 and a decrease in expression on
subsequent days. Interestingly, endogenous
N-cadherin protein in the R-ND and R-390D
groups appears to be stabilized since the
expression on days 2 and 3 is higher than that
of the controls on these days. Also, endogenous
N-cadherin in the R-390D group has changed its
electrophoretic mobility on days 2 and 3 as seen
by the reduced migration of this protein on the
Western blot. The reason for the stabilization
and reduced electrophoretic mobility of the
endogenous N-cadherin protein in the cultures
expressing the mutant N-cadherin proteins is
not known, although one possible alteration is
the level of glycosylation.

Our working hypothesis is that the over-
expression of wild type N-cadherin protein will
enhance chondrogenesis by increasing the size
and/or number of cellular condensations, and
subsequently, the amount of differentiated
nodules. On the other hand, the mutants would
act as ‘‘dominant-negative inhibitors’’ of the
endogenous wild type N-cadherin protein. One
possibility is that the R-390D mutant (i.e.,
extracellular deletion) would dimerize with the
endogenous wild type N-cadherin and prevent
homotypic interactions or it could dimerizewith
anothermutant and compete with the endogen-
ous N-cadherin proteins for b-catenin binding
and subsequent linkage to the cytoskeleton.
The R-ND mutant (i.e., cytoplasmic deletion)
would also either homodimerize or heterodi-
merize with the wild type N-cadherin protein.

Fig. 6. Analysis of chondrogenesis in chick limb micromass
cultures transfected with RCAS-N-cadherin constructs demon-
strated by Alcian blue staining and metabolic sulfate incorpora-
tion. All cultures were stained on Day 3. Cultures overexpressing
wild type N-cadherin (B; R-WT) and both mutant proteins (C;
R-ND and D; R-390D) showed decreased Alcian blue staining
compared to controls (A; R-CT). A statistically significant
decrease in sulfate incorporation on Day 3 was seen in all
treated cultures (R-WT, R-ND, and R-390D) compared to controls
(E). n¼15, *P< 0.001. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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Homodimers could compete with that of wild
type dimers for interaction with dimers on
opposing cells; upon binding, signal transduc-
tion would be inhibited due to the lack of
cytosolic interaction with the catenin proteins
and subsequent linkage to the actin cytoskele-
ton. Although heterodimers have one functional
N-cadherin, they would most likely function
similarly because they would be unable to form
the same adhesion complex as wild type pro-
teins. The effect of overexpressing recombinant
N-cadherin proteins on cellular condensation of
limb mesenchyme in vitro, PNA staining was
used to detect the condensing chondroprogeni-
tor cells [Zimmermann and Thies, 1984; Ault-
house and Solursh, 1987; Davies et al., 1990;
Milaire, 1991; Oakley et al., 1994].

Our data show that stable overexpression of
wild typeN-cadherin in limbmesenchymal cells
in vitro did not affect cellular condensation but
inhibited chondrogenic differentiation assayed
by histological Alcian blue staining, metabolic
[35S]-sulfate incorporation, and immunohisto-
logical detection of cartilage proteins collagen
type II and cartilage proteoglycan link protein.
The amount of PNA staining in these cul-
tures was similar to control cultures on each
culture day with only a slight decrease on
day 3. Because of the high expression level of
N-cadherin protein during cellular condensa-

tion [Oberlender and Tuan, 1994b], one might
expect adirect relationshipbetween theamount
of N-cadherin in a culture and the amount of
cellular condensation. Indeed, we have previ-
ously observed that transient overexpression of
wild type N-cadherin in limb mesenchyme
in vitro, in a manner similar to the temporal
profile of endogenous N-cadherin gene expres-
sion, increased the amount of cellular con-
densation and also reduced the cell density
requirement for initiation of condensation
[DeLise and Tuan, 2002]. However, in the pre-
sent study,weareable tomaintainhigh levels of
N-cadherin protein in the mesenchymal cell
cultures throughout the entire culture period
using a replication competent retrovirus, i.e.,
recombinant protein expression was higher on
day 1 compared to controls and the expression
levels significantly increased on subsequent
days in culture while that of the controls
decreased.

It is interesting that Haas and Tuan [1999]
have recently shown that stably transfected
C3H10T1/2 cells expressing N-cadherin at
different levels compared to controls had differ-
ential effects on chondrogenesis when induced
by BMP-2. Cells with a twofold increase in
N-cadherin demonstrated increased chondro-
genesis, while a fourfold increase in N-cadherin
resulted in an inhibition of chondrogenesis

Fig. 7. Immunohistochemical detection of collagen type II and cartilage proteoglycan link protein in chick
limb micromass cultures transfected with RCAS-N-cadherin constructs. All cultures were stained on Day 3
for collagen type II using the monoclonal antibody II-II6B3 and link protein using the monoclonal antibody 9/
30/8-A-4. A decrease in both collagen type II and link protein staining was seen in cultures overexpressing
wild type N-cadherin (B, F; R-WT), and both mutant expressing cultures (C, G; R-ND and D, H; R-390D)
compared to controls (A, E; R-CT).
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compared to controls. Additionally, inhibition of
chondrogenesis in chick limb bud micromass
cultures as a result of retrovirally transduced
overexpression ofWnt-7awas also accompanied
by elevated N-cadherin expression throughout
the entire culture period [Rudnicki and Brown,
1997; Stott et al., 1999; Tufan and Tuan, 2001]
Blockage of chondrogenesis by inhibiting pro-
tein kinase A (PKA) [Yoon et al., 2000] and p38
[Oh et al., 2000] was accompanied by sustained
N-cadherin expression into the normally chon-
drogenic phase of limb mesenchyme micro-
mass cultures. In another study, Fujimori et al.
[1990], showed perturbed histogenesis of tis-
sues in Xenopus embryos after injection of
N-cadherin mRNA into one blastomere of a 2-
cell-stage Xenopus embryo. Taken together,
these data suggest that quantitative differences
in N-cadherin expression can control morpho-
genesis of different tissues.
The retroviral expression of wild type N-cad-

herin caused an increase in N-cadherin protein
on day 1 compared to controls with an even
larger increase on Days 2 and 3. This prevented
the down-regulation of N-cadherin protein
normally seen in control cultures. Therefore,
the tight, developmentally regulated expression
of N-cadherin during chondrogenesis [Oberlen-
der andTuan, 1994b]wasperturbed.The effects
seen may be attributed to mesenchymal cells
forming tighter connections [Nose et al., 1988;
Miyatani et al., 1989] and thus being unable to
continue down the chondrogenic pathway.
Mesenchymal cells must undergo a decrease in
cell–cell adhesion following cell condensation
that is accompanied by a cell shape change from
fibroblastic to a more rounded morphology. It is
thus crucial that N-cadherin be down regulated
to permit normal differentiation progression.
In fact, the expression of N-cadherin is very
dynamic during embryonic development and
these changes are always correlated with vari-
ous cell behaviors [see review by Takeichi,
1988].
The cadherin family of proteins mediate cell

adhesion through their extracellular domain
that is in part regulated by the interaction of the
cytoplasmic domain with the actin cytoskeleton
[Nagafuchi and Takeichi, 1988; Fujimori et al.,
1990; Fujimori and Takeichi, 1993]. Expression
of mutant cadherin proteins in various systems
has confirmed the importance of cadherins in
cell adhesion and normal tissue morphogenesis
[Hatta and Takeichi, 1986; Kintner, 1992;

Dufour et al., 1994]. In addition, use of these
deletion mutant constructs in C3H10T1/2 cells,
epithelial cells, and L-cells showed inhibition
of N-cadherin mediated cell adhesion or aggre-
gation [Fujimori et al., 1990; Fujimori and
Takeichi, 1993; Haas and Tuan, 1999]. Our
results show that overexpression of both
mutant N-cadherin proteins had an inhibitory
effect on limb mesenchyme cellular condensa-
tion as demonstrated by an inhibition in PNA
staining beginning on day 1 for R-390D and day
2 for R-ND transfected cultures. Consequently,
chondrogenic differentiationwas also inhibited.

The N-cadherin mutant proteins may be
exerting their effect by either displacing endo-
genous N-cadherin in the adhesion complex,
competing for cytosolic proteins, or by down-
regulating the expression of the endogenous
N-cadherin protein. Our immunoprecipitation
data showed that with the increase in expres-
sion of the R-390D mutant is accompanied by
an increase in b-catenin association with this
mutant protein (note: R-ND lacks the b-catenin
binding site). Thus, the cytosolic proteins are
unlikely to be the limiting components in
this interaction. Also, Fujimori and Takeichi
[1993] showed that the cytoplasmic proteins
were present in excess in epithelial cells after
transfection with the N-cadherin extracel-
lular mutant. We also did not see a decrease
in endogenous N-cadherin protein after trans-
fection with either N-cadherin mutant as
described by [Nieman et al., 1999] as the
mechanism contributing to reduced cell adhe-
sion. Therefore, it appears that the N-cadherin
mutants are functional in replacing the endo-
genous N-cadherin in the adhesion complex.

N-Cadherin proteins dimerize in the plasma
membrane and initiate interactions with di-
mers on opposing cells. It has been reported that
the cytoplasmic tail of N-cadherin has sufficient
information to initiate lateral clustering or
dimerization without the need for the extra-
cellular domain [Katz et al., 1998]. Therefore,
the extracellular deletionmutant (R-390D) with
an intact cytoplasmic domain can dimerize with
either mutant or wild type N-cadherin protein.
Since we are able to overexpress the mutant
protein at levels well above that of the endo-
genous N-cadherin protein, three possible sce-
narios could occur. First, the mutant proteins
will only dimerize with themselves as will the
wild type N-cadherin proteins (homodimers);
second, the mutant and wild type N-cadherin
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proteins will dimerize with each other (hetero-
dimers); or third, a mixture of homo- and
heterodimers will form. Since N-cadherin only
requires the cytoplasmic tail to dimerize, most
likely both homo- and heterodimers will form
with a preponderance of mutant homodimers
since this protein is present in such excess.
These cells will thus be significantly com-
promised in N-cadherin mediated cell-cell
adhesion, resulting in inhibition of cellular
condensation and subsequent chondrogenesis.

Another possibility is that the overexpres-
sion of the mutant protein is acting as a ‘‘sink’’
for free b-catenin proteins, and therefore, pre-
venting b-catenin proteins from interacting
with other cadherin proteins that may play
a role during chondrogenesis. For example,
cadherin-11 is expressed in all mesenchymal
cells regardless of their origin [Hoffmann and
Balling, 1995; Kimura et al., 1995; Simonneau
et al., 1995], and studies have shown that
N-cadherin and cadherin-11 expression are
complementary in some tissues, including con-
densing mesenchyme of the limb and somites
[Kimura et al., 1995]. Although cadherin-11
has not been shown to play a direct role in
chondrogenesis, a recent study investigating
somite formation showed that N-cadherin null
mice had fragmented somites whereas cad-
herin-11 null mice showed no structural ano-
malies. However, mice homozygous for both
N-cadherin and cadherin-11 mutations had
more fragmented somites than N-cadherin
deficient mice alone [Horikawa et al., 1999],
suggesting that the two cadherins may both be
involved in the formation of somites with co-
operative but different functions. It has been
suggested that cadherin-11 may play a role in
mesenchymal cell sorting [Kimura et al., 1995].

The cytoplasmic domain of cadherins inter-
acts with many cytosolic proteins that have
been implicated in regulating the adhesion
complex either by phosphorylating or depho-
sphorylating key members of the adhesion
complex that in turn regulate assembly or dis-
assembly of the complex. Some of the proteins
implicated are PTP1B [Balsamo et al., 1998],
p120catenin [Ohkubo and Ozawa, 1999], and Rho
family of GTPases [Kaibuchi et al., 1999]. It
appears that the degree to which the cytoplas-
mic domain is deleted will determine the effect
it will have. Deleting the b-catenin binding site
in E-cadherin has been reported to prevent
epithelial cells from aggregating [Nagafuchi

et al., 1987], but deletion of the cytoplasmic
domain to seven amino acids or fewer (deletes
p120catenin binding site) restores the ability of
cells to aggregate in an E-cadherin dependent
manner [Ozawa and Kemler, 1998]. Therefore,
it appears that different regions of the cyto-
plasmic domain have different effects on cell
adhesion. The mutant used in this study has
the b-catenin binding site deleted but main-
tains the p120catenin binding site. Consequently,
any regulation of the adhesion complex per-
formed by p120catenin can still occur, whereas
signal transduction dependent on linkage to
the actin cytoskeleton via b-catenin will be
inhibited.

Both genetic mutations and teratogens can
affect the cellular condensation process that
ultimately results in skeletal anomalies. In this
study, we have provided evidence directly
linking N-cadherin to cellular condensation
and for the required temporal regulation of
N-cadherin during chondrogenesis. Specifi-
cally, by overexpressing the wild type N-cad-
herinprotein in limbmesenchymal cells invitro,
we have demonstrated the requirement for the
down-regulation of N-cadherin after condensa-
tion to permit the procession of cells into the
differentiation process. In addition, exogenous
expression of mutant N-cadherin proteins lack-
ing either the homotypic binding domain or the
b-catenin binding site demonstrates a require-
ment of both homotypic binding and the for-
mation of the intracellular adhesion complex
for N-cadherin activity in mesenchymal cell
condensation and chondrogenesis. We are cur-
rently examining the exact signaling events
responsible for N-cadherin regulation.
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