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Abstract

Thispaper reviewsthe molecular and cellular events
during precartilage condensation and describes the appli-
cation of anew retroviral gene transduction procedure. In
micromass cultures, dissociated mesenchymal cells inter-
act to form cartilage nodules. Cells first form small ag-
gregates, then bigger clusters. Next, through rearrangement,
they consolidate to form precartilage condensations which
then differentiate into cartilage. We mapped molecular
expression in these early stages and showed that the
sequence of molecular expression was tenascin-C, cyclic
adenosine monophosphate (CAMP) response element
binding protein (CREB), and phos-phorylated CREB (P-
CREB) — neural cell adhesion molecules — integrin 31
and fibronectin — collagen Il and Alcian blue. We then
used a newly developed replication competent avian
sarcoma (RCAS) mediated gene transduction procedure to
alter the gene expression in micromass cultures. We showed
that RCAS-(antisense NCAM) can suppress cartilage for-
mation by forming smaller and fewer cartilage nodules.
Sonic hedgehog directs mesenchymal cells to form novel
noduleswith characteristics of hypertrophic cartilage. The
use of retroviral transduction, together with the addition of
growth factors and Fab’ antibodies to the media, consti-
tute powerful approaches to the analysis of the molecular
cascade of chondrogenesis in micromass cultures. It aso
provides ameansto engineer thefate of mesenchymal cells
through modulation of adhesion molecules and transgene
expression of signaling molecules.
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Introduction

The formation of skeleton depends first on the for-
mation of precartilage condensation anlage. The process
of precartilage condensation involves aseries of cell inter-
actions (reviewed by: Hall and Miyake, 1995), including
initiation, propagation, and termination of propagation
(setting up the boundary). Individual limb bud cells have
theability toform small cellular aggregates. Thesizeof the
aggregates continues to increase through a process of cell
rearrangement. The expansion of cell aggregates ceases
when the condition of boundary isreached and precartilage
condensations take shape. Chondro-differentiation is
triggered in precartilage condensations and ultimately
cartilage forms. This developmental process involves
cooperative cell activities including cell migration, cell
adhesion, intracellular signaling, and cell proliferation, which
result in specific arrangements of precartilage
condensations and subsequent differentiation.

Previous studies have shown that adhesion mole-
culesincluding the cell-cell adhesion molecules, neural cell
adhesion molecules (NCAM; Widdlitz et al., 1993) and
extracellular matrix molecules (ECM), fibronectin (Fn;
Tomasek et al., 1982) and tenascin-C (Tn-C; Mackieet al.,
1987) are enriched in precartilage condensations. In
micromass cultures, antibodies to NCAM and exon I11A
region of Fn suppress the formation of precartilage
condensations and chondrogenesis (Chuong et al., 1992;
Gehrisetal., 1997). Incontrast, over-expression of NCAM
causes the formation of large precartilage condensations
(Widdlitzet al., 1993). Hox genescanregulate cell adhesion
by altering the expression of cell adhesion molecules such
as NCAM and Tn-C (Jones et al., 1993; Yokouchi et al.,
1995; reviewed by: Newman, 1996). Integrin receptorsare
expressed in pre-chondrogenic mesoderm (Mushler and
Horwitz, 1991). Fn and Tn-C have opposite effects on
chondrogenesis. Fn promotes cell attachment and spread-
ing and inhibits chondrogenesis (Swallaand Solursh, 1984).
Tn-C causes limb bud cells to round-up and promotes
chondrogenesis(Mackieet al., 1987). Extracellular matrix
macromol ecul es such as hyal uronan a so can modulate the
condensation process. It is shown that hyaluronan
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hexasaccharidesinterferewith hyaluronan-cell interactions,
resulting in adelay in the formation of condensations and
chondrogenic differentiation in micromass cultures (M al eski
and Knudson, 1996).

Intracellular signaling molecules and transcription
factors plan integrating rolesin regulating the progression
from mesenchymal cells to chondroblast. For example,
homeobox gene Msx-2 is expressed in the progress zone
and is involved in the regulatory network that delineates
the boundaries of the progress zone (Ferrari et al., 1998).
Intracellular signaling molecules, such as NFKB, are
expressed in prechondrogenic mesenchyme. Over-
expression of 1kB with retroviral vectors leads to the
reduction of NFKB activity and the suppression of limb
development (Bushdid et al., 1998; Kanegae et al., 1998).
Activation of the cyclic adenosine monophosphate (CAMP)
dependent protein kinase (PKA) pathway leads to
stimulation of chondrogenesis (Solursh et al., 1981; Rodgers
et al., 1989; Lee and Chuong, 1997). Recently, a specific
kind of protein, kinase A, was found to be associated with
chondro-differentiation (Zhang et al., 1996). Theseresults
suggest theimportance of intracellular signaling molecules
in mediating cell interactions during precartilage conden-
sation formation.

Many of thelimb patterning moleculeshaverecently
beenidentified (Tickle, 1995). Theapica ectodermal ridge
(AER) and the zone of polarizing activity (ZPA) direct limb
outgrowth and skeletal patterning through epithelium-
mesenchyme interactions (Saunders, 1948; Summerbell,
1974). The ZPA isin the posterior limb bud and contains
sonic hedgehog (SHH) activity (Riddle et al., 1993) that is
involved in the anterior-posterior axis of the limb bud.

fibroblast growth factor (FGF) pathway mediates
AER activity and plays a key role in proximo-distal axis
determination. Wnt-7aand engrailed are considered to be
involved in dorso-ventral axis determination. Many other
extracellular signaling molecules are expressed in the early
limb bud and are shown to modulate chondrogenic
differentiation. Theseinclude membersof thetransforming
growth factor-3 (TGF[3; Jiang et al., 1992; Downie and
Newman, 1994; Lee and Chuong, 1997); bone
morphogenetic protein (BMP) and BM P receptors (Duprez
etal., 1996; Yamashitaet al ., 1996; Zhou et al., 1997); Wnt
(Rudnicki and Brown, 1997); etc. Some of them have been
shown to have antagonistic effects that may be used to set
up the borders of precartilage condensations (e.g., FGFs
and BMPs; Buckland et al., 1998) and some work in
succession (e.g., TGF[3 1.2 and BMP-2; Roark and Greer,
1994). Other examplesare being worked out (Hoang et al.,
1996). The shaping of precartilage condensations in vivo
is driven by the force of cell adhesion and determined by
the interaction between the competence of amesenchymal
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cell and the extracel lular environment. The environment is
acomplex landscape made of extracel lular matrixesand multi-
directions of gradients of signaling molecules. To ascer-
tain how thein vivo “ patterning” istranslated into specific
skeletal morphol ogy, we haveto resort toamoresimplified
and analyzable in vitro model.

Micromass cultures, originaly developed by Solursh
(Ahrens et al., 1977; Paulsen et al., 1988; Daniels et al.,
1996) have been an excellent model for analyzing the
mechanisms of chondrogenesis. The methods to perturb
micromass culturesinvolvethe addition of drugs, peptides,
growthfactors(Frenzetal., 1989; Leonard et al., 1991; Chen
etal., 1993; Downieand Newman, 1994; Paulsenet al., 1994)
and antibodies (Chuong et al., 1992; Widelitz et al., 1993;
Oberlander and Tuan, 1994). Here, wefirst summarizethe
early molecular expression events occurring in the early
stages of chondrogenic nodule formation in micromass
cultures. We then report the application of the newly
developed replication competent avian sarcoma (RCAS)
technology (Morgan and Fekete, 1996) to micromass
cultures(Stott et al., 1998). We used two setsof experiments
to demonstrate the useful ness of this approach. Oneisthe
roleof NCAM. Earlier, wereported that over-expression of
NCAM enhances chondrogenesis (Widelitz et al., 1993).
Here, we show that suppression of NCAM activity by RCAS
transduced anti-sense NCAM can suppress the formation
of precartilage condensation, further demonstrating that
NCAM is physiologically involved in precartilage
condensation formation (although other redundant
adhesion moleculesareasoinvolved). SHH isinvolvedin
patterning, but also has effect on osteo-chondro
differentiation (Stott and Chuong, 1997). Here, wereview
the unexpected novel hypertrophic cartilage nodules
induced by ectopic expression of SHH in micromass
cultures. Sincelater in development, Indian hedgehog (IHH)
is expressed in the pre-hypertrophic zone of long bone to
regulate the rate of chondrocyte differentiation (Vortkamp
et al., 1996); thiswork provides further information on the
role of hedgehog pathway in skeletal morphogenesis. We
then discuss the roles of various moleculesin precartilage
condensation formation: adhesion moleculesaremediators,
extracellular signaling factors modulate adhesion and
differentiation events; and intracellular signaling factors
determine the competence and types of responses of the
mesenchymal cells. There are also feedback loops among
these three categories molecules, which work as ateam to
achieve the formation of precartilage condensations.

M ethodsand Materials
Materials

Chicken eggswere obtained from SPAFAS (Preston,
CT). Embryos were staged according to Hamburger and
Hamilton (1951). Thefollowing reagentswere used: rabbit
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polyclonal antibodiesagainst chicken NCAM (Chuong and
Edelman, 1985), CREB (cyclic (MPresponsed ement binding
protein) and P-CREB [Upstate Biotechnology (UBI), Lake
Placid, NY], and Tn-C (Jiang and Chuong, 1992); Mono-
clonal antibodies against Fn (Frenz et al., 1989), integrin
(31 (Muschler and Horwitz; 1991), chicken collagen typel |
(akind gift from Dr. Richard Mayne, HybridomaCore Facility
of the MultipurposeArthritis Center, University of Alabama,
Birmingham); biotinylated peanut agglutinin (PNA; Vector,
Burlingame, CA); retroviral glycosaminoglycans (GAG; a
kind gift of Dr. Morgan, Harvard University, Cambridge,
MA); chicken NCAM cDNA (pEC1402; Hemperly et al.,
1986); RCASand Cla 12 adapter plasmid (kind giftsof Dr.
Hughes, Givol etal., 1992; Hugheset al ., 1987); RCAS-SHH
and in situ hybridization probes to SHH (kind gifts from
Drs. Tabinand Riddle; Riddleet al., 1993).

Limb bud cdll cultures

Limb bud cell cultures were performed based on
Ahrensetal. (1977) and Leeand Chuong (1997). Thedistal
third of the chicken wing budsat stage 23-24 were dissected.
Epithelium was removed after soaking in 2x calcium and
magnesium free medium (CMF) onice. Pooled limb buds
were digested with 0.1% trypsin and 0.1% collagenase
(Worthington, Lakewood, NJ) in 1x CMF at 37°C for 10
minutes. After stopping the digestion with fetal calf serum
(FCS), tissues were gently triturated, washed by
centrifugation, resuspended in Dulbecco’smodified Eagle's
medium (DMEM), and passed through Cell Microsieve
netting (20 um; BioDesign, Carmel, NY) to ensureasingle
cell suspension. Fifteenmicrolitersof 7 x 10° cellsml or 2x
107 cells/ml cell suspension asadrop were plated on 35 mm
tissue culture dishes (Corning, Oneota, NY). Cells were
allowed to attach to the culture dish for 1 hour, then were
culturedin 1.5 ml defined medium (60% Ham's F12 nutrient
mixture/40% DMEM, 5mg/ml insulin, 5 mg/ml transferrin,
50 mg/ml ascorbic acid, 100 nM hydrocortisone without
serum) supplemented with 10 mg/I of gentamicin and 0.5%
FCSinahumidified 37°Cincubator with a5% CO,/95% air
atmosphere (Paulsen et al., 1988).

Immunohistochemistry

Immunostai ning was performed asdescribed in Lee
and Chuong (1992). Cultures were fixed with 2.5% para-
formaldehyde in phosphate buffered saline (PBS) for 30
minutes, or with Bouin’sfixativefor 20 minutesfollowed by
washing with 70% alcohol. Specimenswereincubated with
primary antibodies overnight, followed by secondary
fluorescein isothiocyanate (FITC) conjugated goat anti-
rabbit antibodies (Vector) or alkaline phosphatase-
conjugated goat anti-rabbit antibodies (Promega, M adison,
WI). NBT (4-nitroblue tetryzolium) and BCIP
(5-bromo-4-chloro-3-indolyl-phosphate) were used as
substrates of alkaline phosphatase. To block endogenous
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akaline phosphatase activity, levamisole (0.1 mM) was
added in the substrate solution. The control experiment
without primary antibodieswas performed in parallel.

To consider the possibility of marked reduction
owing to interference with the antibodies access to their
coghate antigens by glycosaminoglycans, immunostaining
results were subject to comparison with cultures pre-
digested with chondroitinase ABC (Boehringer Mannheim,

Indianapolis, IN; 0.1 unitin PBS, pH 8.0) at 37°C for 1 hour.
Retrovirusproduction

For RCAS-(antisense NCAM), aBam H/Hind 111
fragment of NCAM cDNA (nucleotides 28 to 1280) was
excised from pEC1402 (Hemperly et al., 1986). ThisDNA
fragment was then subcloned into the adaptor plasmid, Cla
12 (Hugheset al., 1987). ThisClal fragment encompassing
the 5 NCAM portion was then subcloned into the unique
Clal cloning site of the RCASretroviral vector (subgroup
A; Hugheset al., 1987). Expression of the transgene was
driven by theretroviral longterminal repest (LTR) promoter.
The orientation of NCAM in the RCAS vector was
determined by restriction enzyme mapping using both Sal |
and Sac .

For production of virus, dermal fibroblasts from
SPAFAS chicken embryos were used and prepared as fol-
lows. E7 embryonic skinswere dissected and the epithelia
were removed in 2x CMF. Dermal mesenchyme were
dissociated in Hank’sbalanced salt solution (HBSS; without
Ca?* and M@?) containing 0.1% trypsin/0.1% collagenase.
After adding an equa volume of FCS and washing, cells
were cultured at 5 x 10* cells’'cm? on 60 mm dishesin F10
medium supplemented with 12.5% FCS, 5% chicken serum,
1.2% vitamin solution (Irvine Scientific, SantaAna, CA),
1.2% folic acid, 0.5% dimethylsulfoxide (DMSO), 1 mM
L-glutamine, and 10 mg/ml gentamicin. When grownto 70%
confluence, cells were transfected with 5 mg of retroviral
vector DNA using the calcium phosphate method
(Sambrook et al., 1989). Culture medium was changed on
thenext day. After 3 daysin culture, cellswere subcultured
onto 100 mm dishes containing 8 ml culture medium. At
70% confluence, the medium was changed and then
collected after 3daysin culture. Thisretrovirus-containing
medium was filtered through 0.45 pum filters and stored at
-70°C. Assaysfor reversetranscriptase activity (Rosenberg
and Baltimore, 1978) and anti-GA G immunostaining were
performed to determine the titer and infectious efficiency
of retrovirus (Morgan and Fekete, 1996).

Retroviral transduction of micromasscultures

Micromass cultures without retroviral transduction
aregrown in defined medium supplemented with 0.5% FCS.
For micromass cultures subjected to retroviral transduction,
dissected limb buds were subject to mild dissociation
conditions in HBSS (without Ca2* and Mg?) containing
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0.003% of trypsin/collagenase. Dissociated limb bud cells
wereincubated with retrovirus-containing medium (10° cell¢/
ml of retroviral medium) for 2 hour at 8°C with gentle
shaking. After centrifugation (150 x g), cellswere plated at
low density (5.5 x 10* cells/cm?) and cultured in the defined
medium consisting of 60% Ham’sF12 nutrient mixture/40%
DMEM, 5 mg/ml insulin, 5 mg/ml transferrin, 50 mg/ml
L-ascorbic acid, 100 nM hydrocortisone, and 10 mg/I
gentamicinin 100 mmdishes. At the second day, cellswere
re-incubated with retroviral medium (3 ml/200 mm dish) for
15 minutesto increase transduction efficiency. Atthethird
day, the cells were trypsinized with 0.01% of trypsin/
collagenase, passed through a Cell Microsieve (20 mm;
BioDesign), and plated asa15ml drop (2 X 107 cellgml) on
a spot precoated with collagen type | (UBI; 50 mg/ml) at
37°Cfor onehour. After a2-hour incubation, cultureswere
flooded with defined medium supplemented with 0.5% FCS
(Stott et al., 1998).
Rever setranscribed-polymer asechain reaction (RT-PCR)
Total RNA wasextracted from 20 micromass cultures
using Trizol reagent (Life Technologies, Gaithersburg, MD)
and following the instruction recommended by the
manufacturer. Reversetranscription (RT) wasperformedin
atotal volume of 50 Wl containing of 50 mM Tris-HCI (pH
8.3), 8 mM MgCl,, 30 mM KCI, 1 mM DTT, 25 mM
deoxynucleotide (dNTP; Boehringer Mannheim), 50 U
RNase Inhibitor (Boehringer Mannheim), 20 mM oligo
(dT),, ., (PharmaciaBiotech, Uppsala, Sweden) 10U avian
myelobiastosis virus (AMV) reverse transcriptase (Boeh-
ringer Mannheim), 1 lug total RNA. For PCR, sense primer
(5-GGTATTTGCTTATCCCAGTGC-3) and antisense primer
(5-AGTTTCCGTCTT CTCCCATCT-3') were used, which
encompass 1342-1907 bp of the chicken NCAM cDNA.
Reaction was conducted in atota volumeof 50 il containing
10mM Tris-HCI (pH 8.3), 50 mM KCI, 1.5mM MgCl,, 2.5
mM dNTR, 20 uM of each primer, 2.5 U Taq DNA polymerase
(Boehringer Mannheim), 2 pl RT reaction mixture.
Amplification was performed at 94°C for 50 seconds, 60°C
for 50 seconds for the first cycle followed by 94°C for 50

seconds, 60°C for 50 seconds, and 74°C for 50 secondsfor
35 cycles. PCR products were resolved on a 1% agarose
gel and showed a single expected 565 bp DNA fragment.
Quantitation of chondrogenesisin micromasscultures
Micromass cultures were fixed with 2.5% para-
formaldehydein PBS and stained with 1% Alcian blue 8GX
(pH 1; Lev and Spicer, 1964; Hassell and Horigan, 1982) for
3 hour, which stains cartilage specific sulfated
proteoglycans(Leonard et al., 1991). Stained cultureswere
de-stained with 70% ethanol. Bound Alcian blue dye was
extracted with 0.5 ml of 4 M guanidineHCI (pH 5.8) followed
by measuring absorbance at optical density (OD) 600 nm.
Parallel cultureswere scraped off the dish and sonicated in
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0.5ml DNA extraction buffer {4M NaCl, 0.1 M Na,HPO,, 4
mM ethylenediaminetetraacetic acid (EDTA); pH 7.4} for
20 seconds, and then subjected to fluorometric determina
tioninthe DNA buffer containing Hoechst 33258 (1 mg/ml;
emission wavelength, 365 nm; excitation wavelength, 460
nm). Calf thymusDNA wasused asaDNA standard (Brunk
et al., 1979). Owing to the fact that Hoechst 33258 shows
enhanced fluorescence upon association with A-T pairs,
the DNA standard curve derived from different speciesmay
show significant variation resulted from species-specific
differenceinA-T:G-Cratio.

Results

Limb bud cell cultures were used as a model for
studying precartilage condensation. In this culture sys-
tem, dissociated cells are plated as a spot on a substratum.
After the cellsattach, they display anincreasing cell density
gradient from the periphery to the central region. Initially,
cells form small aggregates due to intimate cell-cell
interactions. Through aprocess of cell rearrangement, the
size of aggregates expand and ultimately precartilage
condensationswith high cell compactnessform (Fig. 1).
Spatial and temporal distribution of adhesion molecules
and signaling moleculesduring precar tilagecondensation
formationin vitro

To dissect the adhesion and signaling events in-
volved in precartilage condensation, the spatial and
temporal distribution of adhesion molecules and signaling
mol ecul eswere studied using animmunochemical approach
with specific antibodies. In addition, molecular markers,
such as PNA binding molecules for precartilage
condensation (Aulthouse and Solursh, 1987), and collagen
type Il for chondrogenesis were used for comparison. In
this study, limb bud cell cultures (7 x 10° cellsml) were
examined at 4 hours, day 1, day 3, and day 4 time points.
Results are summarized here as schematic drawings (Fig.
2.

The expression of NCAM was initially weak in
individual cells and became evident in cell contacts of
aggregates. When precartilage condensations formed,
NCAM was expressed over the whole condensation, and
was manifested as a gradient with high expression in the
center and low expression at the periphery. Ultimately,
NCAM faded away from the center where chondrogenesis
occurred and cartilage nodul esformed, which were positive
for collagen 11 and Alcian bluestaining. Tn-C wasexpressed
sporadically among individual cellsat the cell margin. When
cells formed aggregates, the expression of Tn-C became
evident at the cell contacts of aggregated cells. The extent
and level of Tn-C expression continued to increase until
the precartilage condensation formed. Thereafter, Tn-C
disappeared in regions where chondrogenesis and
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Figure 1. Morphology of micromass cultures. Scanning el ectron micrographs of limb bud micromass cultures show dissociated
cellsinthe beginning cultures (A), small aggregates (B), and the mature cartilage nodules (C). Bar =60 um (A, B, and C are at

identical magnification).

mineralization occurred. However, Tn-C remainsin articular
cartilage and may contribute to their special property
(Pacifici et al., 1993). Fnwasinitially expressed at alow
level inindividual cellsand became evident at cell contacts
within aggregates containing more than about 8-12 cells.
The extent and level of Fn expression increased in
proportion to the size of the cell aggregates, which reached
a maximum in well formed precartilage condensations.
When chondrogenesis occurred, the expression of Fn
decreased and finally disappeared in the chondrocytes.
Integrin 31 showed a similar spatial and temporal
distribution as Fn.

Undoubtedly, some signaling moleculesareinvolved
in this condensation process. We have attempted to study
atranscription factor, CREB, involved in the protein kinase
A pathway (Fig. 2). CREB wasexpressedinthe cytoplasm
and nucleus of al cellsin the condensation phase (Lee and
Chuong, 1997). The level of CREB decreased during
chondrogenesis and disappeared from chondrocytes.
P-CREB was sporadically expressed among cellswithout a
specific pattern in the condensation phase. Afterwards, the
level of P-CREB decreased in the condensation phase and
disappeared from chondrocytes. It needsto mentioned that
theefficacy of immunostaining results described abovewere
verified without interference with endogenous akaline
phosphatase activity and the antibodies access to their
cognate antigens by various glycosaminoglycans in the
cartilagematrix.

Down-regulation of NCAM by RCAS-(antissnseNCAM)
suppresseschondrogenesis

RCAS-(antisense NCAM) was used to suppress
NCAM expression in micromass cultures. To evaluatethe
effect of antisense NCAM on NCAM expression, double
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staining using anti-retroviral GAG and anti-NCAM was
performed. Under the same experimental conditions, the
level of GAG expression is similar in RCAS and RCAS-
(antisense NCAM) transduced micromass cultures (Figs.
3B and 3B’). However, RCAS-(antisense NCAM) cultures
showed a significant decrease, but not disappearance in
the expression of NCAM protein when compared to the
RCAS control cultures (Figs. 3A and 3A’). This is
particularly clear when comparing the similar GAG
expressionlevelsin both cultures. Inaddition, RT-PCR was
performed to semi-quantitatively analyze mRNA level of
NCAM. Results showed no changesinthe mRNA level in
RCAS-(antisense NCAM) transduced cultures. It is
reported that antisense RNA treatment may not always
result in degradation of thetarget MRNA. Several cases of
RNA:RNA duplexes have been documented (Bass and
Weintraub, 1988; Bunch and Goldstein, 1989).

The chondrogenesis of the antisense cultures was
monitored. Results showed that RCAS infected cultures
had a similar degree of chondrogenesis to non-infected
control cultures (data not shown). However, RCAS-(anti-
sense NCAM) cultures had smaller cartilage nodules.
Chondrogenesis was remarkably suppressed to 35% of
control levels (Figs. 3C and 3C’). Cell proliferation was
marginally increased in antisense NCAM treated cultures
by 120% of the control. After normalizing for the amount
of DNA (cell number), there was about a 70% reductionin
chondrogenesis. Sincethesizeof NCAM cDNA (2.6kb) is
over 2 kb capacity of RCAS vector, over-expression of
NCAM in this system becomes technically unavailable.
Nonetheless, this is comparable to the previous studies
showing reduction of precartilage condensation formation
and chondrogenesis when Fab’ antibody to NCAM were
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Figure 2. Schematic drawings
showing the distribution of adhesion
molecules in successive stages of
cartilage nodule formation. |mmuno-
cytochemistry was used to follow the
expression sequence of adhesion
molecules and intracellular signaling
molecules. Theresultsare summarized
here. Broken lines indicate cell
boundaries. Solid lines indicate
expression.
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Figure 3. Formation of cartilage nodules is suppressed in
micromass culturesinfected with RCAS-(antisense NCAM).
Micromass cultures were transduced with RCAS control
vectors (A-C) or RCAS-(antisense NCAM; A'-C'). A, A’:
Antibodies to NCAM showing the suppression, but not
absence, of NCAM protein in RCAS-(antisense NCAM)
transduced cultures. B, B’: Antibodiesto GAG showing the
expression of viral proteinsare about equal in both cultures.
C, C’: Reduction of Alcian blue positive nodules, in both
number and size, in RCA S-(antisense NCAM) transduced
cultures. Bars= 100 pm (A, A’, B, and B’ are at the same
magnification); and 2 mm (C and C' are at the same
magnification).

added to the cultures (Widelitz et al., 1993). These results
again demonstrate the involvement of NCAM in
chondrogenesis and the use of RCAS mediated antisense
transduction in micromass cultures.
Ectopicexpression of SHH usngRCAS-SHH leadstothe
formation of novel nodules

Members of the vertebrate hedgehog gene family
(HH) areinvolved in patterning and modul ating differenti-
ation. Recently ectopic expression of HH gene family
membersin vivo was shown to block chondrocyte matura-
tion through activation of a parathyroid hormone related
protein (PTHrP) dependent negative regulatory loop inthe
perichondrium (Vortkamp et al ., 1996). However, thedirect
effect of HH on chondrocyte maturation has not been tested.
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Here, we tested the effect of retroviral over-expression of
the chicken sonic hedgehog gene on the growth and
maturation of limb bud cellsin micromass cultures (reported
in Stott and Chuong, 1997).

First, we used in situ hybridization to detect the
expression of SHH in micromass cultures. Although SHH
positive cells are included in the preparation, expression
was lost in dissociated cultures and was not re-expressed
until day 4 in culture. Dissociated cells were transduced
with RCAS-SHH and replated at high density leading to
the production of novel tightly whorled nodulesin addition
tothenormal appearing cartilage nodules (Fig. 4A; compare
with Fig. 1). Normal nodules (solid arrow) are strongly
Alcian Blue positive while SHH nodul es (empty arrow) are
weskly Alcian Blue positive (Fig. 4B). Wefurther character-
ized these new nodules and showed that they are strongly
positivefor alkaline phosphatase (Fig. 4C) and enriched in
type X collagen (Fig. 4D).

SHH over-expression also increased cell prolifera
tion, but this can not account for the formation of the new
nodules. The results demonstrate that activation of the
signaling pathway can modulate the normal progression of
precartilage condensation formation and alter the
differentiation fate of mesenchymal cells. Thesesignasare
likely to be used in physiological conditions to regulate
growth and to shape the forming cartilage. It also
demonstrates the use of RCAS to mediate ectopic expres-
sion of signaling molecules in micromass cultures for the
study of chondrogenesis.

Discussion

The importance of precartilage condensation is re-
flected by itsinvolvement in patterning the skeleton in the
limb. Precartilage condensation involvescell migration, cell
adhesion, and intracellular signaling, which arerevealed by
the spatiotemporal configuration of gene expression. The
progression of precartilage condensation isdirected by local
differencesin molecular expression and the competence of
the cellsto respond to interacting signals. Inlimb bud cell
cultures, the formation of precartilage condensations is a
density dependent event. When limb bud cells are plated
asadrop, anincreasing gradient of cell density formsfrom
the periphery to the center. Inthissystem, the progression
from the initiation to the propagation stageis evident from
the periphery to the center of the culture. This model is
useful for studying the molecular expression involved in
theinitiation and propagation of precartilage condensation.

Here, we have showed a panel of adhesion mole-
cules expressed in different stages of precartilage conden-
sation formation. The involvement of cell adhesion
molecules, such as, NCAM (Widelitz et al., 1993) and
cadherin (Oberlender and Tuan, 1994), and substrate ad-
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hesion molecules, such as, tenascin (Mackie et al., 1987)
and fibronectin (Frenz et al., 1989) in precartilage
condensation formation have been reported. They prob-
ably act by modulating cell-cell and cell-substrate inter-
actions (Chuong et al., 1992). Although these studies
showed the involvement of adhesion molecules, exactly
how adhesion molecules act to build and shape the carti-
lage nodules has not been addressed. To approach this
aspect, we established the expression sequence of these
adhesion molecules and potential signaling molecules in
each stage of precartilage condensation formation. We hope
thismolecul ar expression sequence will help future studies
to discern the molecular basis for pattern formation and
chondrogenesis.
Theinitiation step involvescell aggregation

How does the aggregation start? Dissociated limb
bud mesenchymal cells start to form aggregatesin 4 hours,
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Figure 4. RCAS-SHH lead to precocious formation of
hypertrophic cartilage nodules. Micromass cultures were
transduced with RCAS-SHH. The traditional cartilage
nodules (indicated by solid arrow) and the novel tighter
and smaller nodules (empty arrow). (A), Scanning el ectron
micrograph. Novel nodulesareweak inAlcian blue staining
(B) but strong in alkaline phosphatase (C) and collagen X
(D) expression. Bars= 60 um (A) and 100 um (B, C, and D
are at the same magnification).

in contrast to the skin mesenchymal cellsthat will not form
condensationsin the absence of epithelium (Chuong et al.,
1996). NCAM and tenascin were expressed earliest in
micromass cultures. We proposethat NCAM and Tn-C are
involved in the initiation of precartilage condensation
formation. Initially, NCAM is homogeneously expressed
at abasal level among individual cells. The expression of
NCAM became evident in cell contacts in small cell
aggregates containing 2-3 cells. Thissuggeststhat NCAM
may functionin establishing theinitia cellular contact. Tn-C
is unevenly distributed on the surface of individual cells
and also at the cell contact region in small 2-3 cell
aggregates. Tn-C has been suggested to play arole in
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mediating cell migration (Bonner-Fraser, 1988). Sincethe
initiation of cell aggregationinvolvescell migration toward
or away from an attractant followed by local cell
arrangements, Tn-C may facilitate cell motility and migration
during the initiation process. |In this stage, the expression
of integrin 31 remains low. It seems that cell adhesion
favors condensation initiation.

The propagation step involves a positive feedback
mechanism reinforcing cell adhesion and changes of cell
shape

Cell adhesion involvement in precartilage conden-
sationisdynamic and regulated. The expression of NCAM,
Fn, Tn-C, andintegrin B1isinitialy low and diffusiveamong
individual cells and then is augmented at cell contacts of
expanding cell aggregates. This suggests that the
expression of NCAM, Fn, Tn-C, and integrin [31 may involve
apositive feedback mechanism through strengthening cell
adhesion in the condensation.

The sequentia change of cell shape from irregular
to polygonal and finally to round is the morphological
hallmark of chondrogenesis. This change of cell shapeis
associated with a reorganization of the actin cytoskeleton
(Mitchisonand Cramer, 1996). Experimental conditionsthat
cause cells to round-up by disrupting actin, such as
cytochalasin D treatment or growing cells on an agarose
substratum, enhance chondrogenesis (Zanetti and Solursh,
1984). Here, integrin [31 and Fn are expressed at contacts
of apposed polygonal cellsin cell aggregates. Integrinis
reported to modul ate the shape and motility of cellsthrough
the actin cytoskeleton after ECM-integrin binding. This
suggests a potential signaling network, which comprises
Fnandintegrinin controlling the cell shape and concomitant
gene expression during precartilage condensation.

Disruption of NCAM mediated cell interactions by
antibody (Widelitz et al., 1993) or by antisense (this paper)
isconsistent with thisscheme. However, antisesnseNCAM
is not able to abolish chondrogenesis completely. There
are likely to be other redundant adhesion molecule
pathways involved. A separate important cell adhesion
molecule is N-cadherin which is highly expressed in
precartilage condensations and antibodies against it can
suppress chondrogenesis (Oberlander and Tuan, 1994).
Finally, the novel methodology used here should alow us
to further test more candidate genes and examine how other
moleculesare altered.

Different signaling moleculescan alter cell adhesion and
guidethecondensationsand differentiation in variousways

Invivo, it is proposed that IHH regulates the rate of
cartilage differentiation by induction of PTHrP (Vortkamp
etal., 1996). PTHrPthen bindstothe PTH/ PTHrP receptor
on prehypertrophic chondrocytes, blocking hypertrophic
differentiation (Henderson et al., 1996) and inhibiting the
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expression of IHH. PTHrP protein is detected by
immunostaining on the prehypertrophic chondrocytes in
thegrowth plate cartilage, while PTHrPmRNA isexpressed
predominantly in the periarticular perichondrium of
developing murinelimb buds (Senior etal., 1991; Leeet al.,
1995). In IHH infected mouse limb explant cultures,
induction of PTHrP mRNA is also restricted to the
periarticular perichondrium in contrast to the more
widespread induction of Ptc and Gli, two other downstream
molecules in the HH signaling pathway (Vortkamp et al.,
1996). This suggests that the effect of IHH on PTHrP
transcriptionis mediated through relatively specialized cells
inthe periarticular perichondrium and/or may require other
signals.

Inour invitro condition, dissociated limb bud cells
develop into cartilage nodules after 72-96 hours in micro-
masscultures (Ahrenset al., 1977). Intheearly stages(first
two days) of these cultures, most limb bud cells consist of
primitive mesenchyme (Chuong et al., 1992; Widelitz et al.,
1993). Thereareno perichondrium nor PTHrPpositivecells
(Stott and Chuong, 1997). Thereforethe [HH/PTHrP/PTHrP
receptor pathway observed in vivo is unlikely to be active
in our model. This provides a unique opportunity to
observe the direct action of SHH in the absence of the
negative feedback loop. Our study shows that SHH acts
to enhance the formation of hypertrophic cartilage nodules
(Stott and Chuong, 1997). This current study shows that
HH has dual complementary functions: a direct positive
effect on chondrocyte hypertrophy in the absence of the
PTHrP pathway, and an indirect negative feedback loop
through PTHrP to prevent other less differentiated
chondrocytes from becoming hypertrophic. These two
complementary actions of HH coordinate the progression
of cartilage maturation.

Using similar approaches, RCA S-Wnt-7ahasrecent-
ly been shown to suppress chondrogenesis (Rudnicki and
Brown, 1997). Wnt-7aisinteresting becauseit isexpressed
in the dorsal limb bud ectoderm and can specify the fate of
dorsal mesenchyme. Our data suggest that Wnt-7a
increases cell adhesion among mesenchymal cells in a
different way and henceleadsthe condensed mesenchymal
cells along a different pathway (Stott, Jiang and Chuong,
submitted). Thus, different signaling molecules, HH, PTHrP,
Whnt-7aaswell as FGF and BMP (Niswander and Martin,
1993) act on limb bud mesenchymal cellsin different ways
to modul ate skeletogenesis.

Summary

The formation of precartilage condensations
reguires the exquisite coordination between cell-cell and
cell-ECM adhesion. The diverse combination of cell adhe-
sion at specific times and sites coupled with intracellular
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signal transduction is crucial for the shape and differentia-
tion of skeletal elements. Perturbation can be done by
antibodies, exogenous added peptides, growth factors,
matrix molecules, or retrovirus mediated gene expression
and suppression in micromass cultures. Results of
perturbation may be a suppression of chondrogenesis or
of the size of cartilage nodules such as those caused by
RCAS-(antisense NCAM), or may be an alteration of cel-
lular fate such as those caused by the powerful morphogen
SHH.

During devel opment, through physiological modula-
tion of the precartilage condensation process, the shape
and fate of the mesenchymal condensations and, in turn,
the geometry of skeletal elementsarelaid down. For tissue
engineering, it isalso possiblefor scientiststo movein the
direction of modulating these adhesive processes with
signaling molecules or gene therapy to achieve desired
skeletal elements.
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Discussion with Reviewers

D.F. Paulsen: Was there any particular observation that
led you to supplement the defined medium with 0.5% FCS
for thisstudy? Did you observe any effect of thismodified
medium composition on the expression patterns of any of
the various antigens studied?

Authors. We supplemented the defined media with 0.5%
FCS because it made molecular expression more distinct.
This modification of medium composition did not cause
changes of expression patterns of molecules.

D.F. Paulsen: Haveyou considered the possibility that the
marked reduction of staining of certain cell-surface or
extracellular antigens coinciding with the onset of Alcian-
blue-positive matrix secretion reflects not a stage-dependent
reduction in expression, but rather interference with the
antibodies' accessto their cognate antigens by the viscous
glycosaminoglycansin the cartilage matrix? Do you obtain
similar resultswith cultures pre-digested with, for example,
chondroitinase ABC?

Authors. We have treated cultures with chondroitinases
and neuraminidases and the results do not change.

D.F. Paulsen: What is the relative spatiotemporal course
of expression of cell adhesion molecules during
chondrogenesis? Do such relationships remain coordi-
nately regulated when chondrogenesis is stimulated or
inhibited?

Authors: Theexpression sequence of adhesion molecules
isin sequential order. It appears that the molecular and
cellular events are well coordinated; thisis best illustrated
in Figure 2. When chondrogenesis is enhanced by factors
such as BMP, cAMP, etc., the expression of adhesion
moleculesisamplified but therelative rel ationship remains
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thesame. Onthe other hand, whenthe“ quality” of cartilage
nodules is modified such as by SHH (Fig. 4), the
mesenchymal cells are shunt to a different pathway, and
the expression pattern becomestotally different.

D.F. Paulsen: In vivo, which endogenous signals do you
expect will havethe greatest stimulatory effect oninitiating
the precartilage condensations? How do you expect that
such signals act so selectively on the mesenchyme at the
coreof thelimb?

Authors. FGFfamily can beagood candidate asthe greatest
endogenous signal initiating condensation in the
developing limb. This expectation is based on the obser-
vationthat FGF-2, 4, and 8 are expressed inAER at the early
condensation stage and are able to induce an additional
limb with cylinder cartilage core in the prospective limb
region. As far as the confinement of precartilage
condensation to the core of the limb bud, it may be a
combination of the simple facts that cell density is higher
in the core of the limb bud and that the ectoderm exerts an
inhibitory effect on chondrogenesis. This can also be
appreciated from micromass cultures where cell density is
higher in the center regions and contain more cartilage
nodules.

D.F. Paulsen: Have you considered the possibility that,
rather than being induced, the condensation is a manifes-
tation of “ self-assembly” in apermissive environment? That
is to suggest the possibility that signals exist in the limb
periphery that inhibit mesenchymal condensation there, as
a significant component of the mechanism limiting
chondrogenesis to the core of developing limb?
Considering what is known about factors that inhibit the
expression of the adhesion molecules you have analyzed,
can you suggest any candidate“ anti-condensation signals’
that might be operating in the limb periphery, perhaps
emanating from the ectoderm as suggested by Solursh
(1984)?

Authors: Indeed, we do consider that condensation proc-
ess is a self-organization process in a permissive
environment (appropriate cell density and cellular compe-
tence). This process is then modulated by extracellular
matrix and signaling molecules. Someextracellular molecules
enhance chondrogenesis while others suppress it.
Recently, Wnt 7a was shown to have inhibitory effect on
chondrogenesis and is secreted by the dorsal limb bud
epithelium (Rudnicki and Brown, 1997). With many soluble
modifiers for BMP (e.g., follistatin, noggin), FGF (e.g.,
heparin) and Wnit (frizzbe) identified recently, we can expect
amultiplearray of signaling moleculesand their modulators
that work together to regul ate the formation of condensation
boundaries.

31

D.F. Paulsen: Inthe description of the DNA assay (Brunk
et al., 1979), the authors indicated the use of “calf thymus
DNA" for the standard curve. While acceptable, thisisless
thanideal. Owingto significant species-specific differences
in A-T:G-C ratios in genomic DNA, and to the fact that
Hoechst 33258 shows quantitative fluorescence
enhancement upon association with A-T pairs, it is
considered much more desirable to establish standard
curves for such assays using DNA from the same species
being used as the tissue donor (i.e., chicken DNA in this
case). Again, considering the likelihood that others may
wish to adapt the authors' method to their own system
(which might be primary culturesor cell linesderived from
mouse, rat, human, or other species), some mention of this
issue should be made.

Authors: Inthiswork, we used fluorometric determination
for DNA with Hoechst 33258 (1 mg/ml; emission wave ength,
365 nm; excitation wavelength, 460 nm). Calf thymusDNA
wasused asaDNA standard (Brunk et al., 1979). Owingto
the fact that Hoechst 33258 shows enhanced fluorescence
upon association with A-T pairs, the DNA standard curve
derived from different speciesmay show variation resulting
from species-specific difference in A-T:G-C ratio. For
comparison between different experimental conditions, this
issufficient for our purpose. To obtain the absol ute amount
of DNA, one should follow your advice.

R.S. Tuan: Asareview paper, themanuscript should review
more of the current thinking concerning the function of
many of the patterning genes (e.g., Hox), extracellular
molecules (e.g., hyaluronate, fibronectin), as well as the
mechanistic basis of mutationsthat affect limb mesenchymal
condensation.

Authors: The shaping of skeletonin vivo isdriven by the
force of cell adhesion and determined by the interaction
between the competence of a mesenchymal cell and the
extra-cellular environment. The environment isacomplex
landscape made of extracellular matrixesand multi-directions
of gradients of signaling molecules. To ascertain how the
in vivo “patterning” is translated into specific skeletal
morphology, we have to resort to a more simplified and
analyzablein vitro model. The purpose of this paper isto
demonstrate the usefulness of micromass culture and the
new addition of retroviral transduction. Here, we first
summarizethe early molecular expression events occurring
in the early stages of chondrogenic nodule formation in
micromass cultures. We then report the application of the
newly developed RCAS technology (Morgan and Fekete,
1996) to micromass cultures (Stott et al., 1998). We use
NCAM and SHH to demonstrate the usefulness of the
approach. We then review the roles of various molecules
in precartilage condensation formation: adhesion molecules
are mediators, extracellular signaling factors modulate
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adhesion and differentiation events; and intracellular
signaling factors determine the competence and types of
responses of the mesenchymal cells. The molecules you
mentioned have been covered and we now expand their
coverage as well as update with new references. The
Discussion represents current knowledge for precartilage
condensation formation.

R.S. Tuan: Asaresearch paper, moreinformationisneeded
concerning the efficacy and time course of the viral
transduction protocol (at both mRNA and protein levels),
the coincidence in terms of antisense N-CAM expression
and reduced chondrogenic differentiation, as well as the
result of over-expression of N-CAM.
Authors. Suppression of condensation formation by an-
tibodies to NCAM and induction of large condensations
by over-expression of NCAM have been shownin Widelitz
et al. (1993). Results from RCAS-antisense NCAM
experiment further demonstrate that NCAM isinvolvedin
the endogenous process. It also needs to be pointed out
that since the size of NCAM cDNA (2.6 kb) is over 2 kb
capacity of RCAS vector, over-expression of NCAM
becomestechnically unavailable to the RCAS approach.
Semi-quantitative measurement of NCAM expres-
sion inthe mRNA and protein levels have been performed
using RT-PCR and double labeled immunostaining with
expression of viral GAG as the internal control. Results
showed reduced expression of NCAM proteins but no
changesinthemRNA level. Antisense RNA treatment may
not always result in degradation of the target mRNA.
Several cases of RNA:RNA duplexes have been
documented (Bass and Weintraub, 1988; Bunch and
Goldstein, 1989).

Additional Reference
Solursh M (1984) Ectoderm asadeterminant of early

tissue pattern in the limb bud. Cell Differentiation 15: 17-
24,
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