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Abstract

Whnt proteins are expressed during limb morphogenesis, yet their role and mechanism of action
remains unclear during long bone growth. Wnt expression, effects and modulation of signaling events
by BMP and transforming growth factor-beta (TGF-p) were evaluated in chick embryonic
chondrocytes. Chondrocyte cell cultures underwent spontaneous maturation with increased
expression of colX and this was associated with an increase in the expression of multiple Whnts,
including Wnts 4, 5a, 8c, and 9a. Both parathyroid hormone related peptide (PTHrP) and TGF-f
inhibited colX, but had disparate effects on Wnt expression. While TGF-f strongly inhibited all Wnts,
PTHTrP did not inhibit either Wnt8c or Wnt9a and had lesser effects on the expression of the other
Whnts. BMP-2 induced colX expression, and also markedly increased Wnt8c expression.
Overexpression of 3-Catenin and/or T cell factor (TCF)-4 also induced the type X collagen promoter.
Overexpression of Wnt8c induced maturation, as did overexpression of -Catenin. The Wnt8c/f3-
Catenin maturational effects were enhanced by BMP-2 and inhibited by TGF-B. TGF-f also inhibited
activation of the Topflash reporter by B-Catenin, suggesting a direct inhibitory effect since the
Topflash reporter contains only B-Catenin binding sequences. In turn B-Catenin inhibited activation
of the p3TP-Luc reporter by TGF-p, although the effect was partial. Thus, Wnt/B-Catenin signaling
is a critical regulator of the rate of chondrocyte differentiation. Moreover, this pathway is modulated
by members of the TGF-3 family and demonstrates the highly integrated nature of signals controlling
endochondral ossification. J. Cell. Biochem.
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Longitudinal bone growth is a highly regulated process in which chondrocytes complete
sequential stages of proliferation, maturation, and hypertrophy marked by a 10-fold increase
in type X collagen, and expression of alkaline phosphatase [Hunziker, 1994; Johnson and
Tabin, 1997]. Local and systemic factors regulate chondrocyte maturation, and act through
multiple independent signaling pathways. Several factors are known to influence the rate of
chondrocyte differentiation. Transforming growth factor-beta (TGF-p) and parathyroid
hormone related peptide (PTHrP) slow the rate of chondrocyte maturation, while bone
morphogenetic proteins (BMPs), thyroid hormone, and retinoic acid stimulate terminal
differentiation [Lanske et al., 1996, 1999; Serra et al., 1997; Enomoto-lwamoto et al., 1998;
Ballock et al., 1999; Ferguson et al., 2000; Yang et al., 2001; Li et al., 2003].
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Growth plate chondrocytes abundantly express TGF-f [Pelton et al., 1990; Matsunaga et al.,
1999; Sakou etal., 1999; Serraetal., 1999]. In vitro, TGF- stimulates proliferation and inhibits
differentiation through both Smad and MAP kinase mediated pathways, that involve the
transcription factors Smad2, Smad3, and ATF-2 [Ferguson et al., 2000; lonescu et al., 2003].
In vivo, gain of TGF-p function delays chondrocyte maturation [Ferguson et al., 2004]. In
contrast, loss of TGF-f signaling in vivo results in accelerated chondrocyte maturation, and
interestingly effects initiate with the post natal period and thus demonstrate a critical role for
TGF-B in post-natal growth and development [Serra etal., 1997; Yang et al., 2001]. In contrast
BMPs accelerate chondrocyte maturation [Enomoto-lwamoto et al., 1998; Grimsrud et al.,
1999; Li et al., 2003]. In chick caudal sternal chondrocytes BMPs act through the Smad1 and
Smad 5 pathway to increase the expression of colX [Li et al., 2003]. While retinoic acid and
thyroid hormone accelerate chondrocyte maturation, both have been shown to be dependent
on BMP signaling events [Li et al., 2003]. Thus, while TGF-§ and BMPs are critical regulators
of the rate of chondrocyte maturation their actions are influenced by a complex array of growth
factors and signaling molecules.

The Wingless/INT-1-related Wnt proteins are important secreted signaling molecules that are
essential during organogenesis and early development [Weidinger and Moon, 2003]. The Wnts
have been shown to regulate cell proliferation and differentiation during early stages of
chondrogenesis and thus are also important during limb development [Moon et al., 1997;
Hartmann and Tabin, 2000; Church et al., 2002]. At least 22 Wnits have been identified [Church
et al., 2002; Miller, 2002]. These proteins bind to the Frizzled (FZ) seven transmembrane
spanning receptor family [Wang et al., 1996] and activate more than one signaling pathway,
the canonical pathway, which targets B-Catenin signaling, and the non-canonical pathway. In
the canonical pathway, downstream of Wnt1, Wnt3a, Wnt7a, and Wnt8c, Wnt receptor binding
inhibits GSK and results in stabilization of the cytoplasmic protein p-Catenin [Miller et al.,
1999; Fischer et al., 2002; Weidinger and Moon, 2003]. Stabilized p-Catenin translocates into
the nucleus and associates with its DNA binding partners, T cell factor (TCF) and lymphocyte
enhancer factor 1 (LEF-1), and regulates gene transcription [Miller et al., 1999; Weidinger and
Moon, 2003]. Interestingly, B-Catenin converts TCF into a transcriptional activator of target
genes that may be repressed by TCF alone [Cavallo et al., 1998; Nusse, 1999]. The second
Whnt signaling pathway involves intracellular Ca?* and is activated by Wnt5a and Wnt11
[Miller et al., 1999; Topol et al., 2003; Weidinger and Moon, 2003]. To date, not all Wnts are
characterized with regards to their downstream signals and second messengers, and even less
is known concerning the interaction of Wnt signals with other signaling pathways [Weidinger
and Moon, 2003].

Several Wnt members are expressed in the developing limb with specific spatial and temporal
patterns. Wnt7a is expressed in the developing chick limb and ectopic expression of Wnt7a
inhibited chondrogenesis in vitro [Rudnicki and Brown, 1997]. Ectopic Wnt5a and Wnt5b are
both expressed at the transition from proliferating to hypertrophic chondrocytes, and delay
chondrocyte differentiation [Yang et al., 2003]. In contrast, ectopic Wnt4 expression enhanced
chondrocyte differentiation [Hartmann and Tabin, 2000]. Overexpression of Wnt14 (now
referred to as Wnt9a) in the chick limb resulted in ectopic synovial joint formation [Hartmann
and Tabin, 2001].

While independent studies showed that certain Wnt proteins, TGF-B, PTHrP, and BMPs play
key roles in cartilage development, very little is known about (i) the expression and regulation
of the Wnt factors during chondrogenesis, and (ii) the mechanisms by which these different
signals are integrated in the molecular cascade regulating the rate of chondrocyte maturation.
Here, we demonstrate that Wnt gene expression is highly regulated during chondrocyte
maturation in vitro. B-Catenin and TCF/LEF transcription factors accelerate chondrocyte
differentiation and these effects are modulated by signals generated by TGF-B and BMP-2.
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The findings clearly demonstrate the importance of Wnt signaling and the need to understand
effects in the context of its association with the TGF-B superfamily.

MATERIALS AND METHODS

Chondrocyte Isolation and Cell Culture

Chondrocytes were isolated from either the cephalic or caudal portion of the 15-day-old chick
embryonic sterna and 19-day-old tibia growth plate by digestion for 4 h at 37°C, 5% CO> in
HBSS containing 0.05% collagenase D (Sigma, St. Louis, MQ), and 0.25% trypsin (Sigma)
as previously described [Grimsrud et al., 1999]. Chondrocytes were resuspended in Dulbecco’s
modified Eagle’s medium containing 10% NuSerum IV (Collaborative Biomedical Products,
Bedford, MA) supplemented with (50 U penicillin and streptomycin) and 2 mM of L-
glutamine. Cells were then plated in 100 mm plates at a density of 3 x 106 cells/plate. After
primary culture for 7 days, chondrocytes were harvested and secondary cultures were placed
in 12-well plates at a density of 2 x 10° cells per well for luciferase experiments and 6-well
plates at a density of 5 x 10° cells per well for gene expression experiments. For treatment
experiments, BMP-2 (50 ng/ml; Peprotech, Inc., Rockyhill, NJ), TGF-B (5 ng/ml; R&D
Systems, Minneapolis, MN), or PTHrP (10~7 M/ml; Bachem, Switzerland) were added to the
media for 24 h prior to cell harvesting for luciferase assay or RNA extraction.

RNA Extraction and Real-Time RT-PCR

Total RNA was extracted from primary chondrocytes using the RNA easy kit (Qiagen,
Valencia, CA) following the manufacturer’s recommendations. One microgram of total RNA
was reverse transcribed using Advantage RT-for-PCR kit (Clontech, Palo Alto, CA) following
the manufacturer’s protocol. Briefly, RNA was denatured at 72°C for 10 min then 200 U for
MMLYV reverse transcriptase enzyme were used along with oligo dT primers in a final reaction
of 20 ul of cDNA. One microliter of freshly reverse transcribed cDNA was used for real-time
PCR. cDNA levels were measured in real-time using the fluorescent dye SYBR Green | (SYBR
Green PCR Master Mix, Applied Biosystems, Foster City, CA) using specific primers designed
for chicken collagen type X, alkaline phosphatase, Wnt 4, Wnt5a, Wnt7a, Wnt8c, and Wnt9a
as shown below.

Genes Forward primer Reverse primer

Wnt4 CTGCTCCGATAACATTGCCTA TTGAACTCGCACGAGCCT

Whntba CGGGAGAGAGTTTACCAGA TGGCAGCAGCACTATCATATT
Whnt7a CGACATCAGATACGGAATAGG CCCATGGCATTTGCACTCTAA
Wnit8c GAACGGGCGTGTAGGT GCACTTGCAGGCTCGCTTCAT
Wnt9a ATGGCCAAAGCGTGCAG CTTCATGCCCACAAGGTTATT

AlK. Phos. TGGGGGATGTAGTTCTGCTC AACGGCCCTGGCTATAAGAT
Collagen X AAAATAGTAGACGTTACCTTGACTC ACATGCATTTACAAATATCGTTAC

The PCR reaction used the RotorGene real-time DNA amplification system (Corbett Research,
Sydney, Australia). The following protocol was used; a 95°C denaturation step for 10 min
followed by 45 cycles with denaturation for 20 s at 95°C, annealing for 20 s at 57°C, and
extension at 72°C for 30 s. Detection of the fluorescent product was carried out at the end of
the extension period. Gene expression was normalized to GAPDH. PCR products were
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subjected to a melting curve analysis and the data was analyzed and quantified with the
RotorGene analysis software.

RCAS-Mediated Cell Infection

Chick embryonic fibroblasts grown in DMEM containing 10% fetal bovine serum, 0.2% fetal
chick serum, and 50 U penicillin/streptomycin were transfected with the replication competent
avian sarcoma retrovirus in either RCAS BP(A) or RCAS BP(B). RCAS BP(A) vectors
included wild-type B-Catenin and Wnt8c (a gift from Dr. Andrew Lassar) was in an RCAS BP
(B) vectors. Cells were passed three times and plated in 100 mm dishes. Upon confluence,
media was changed to DMEM containing 10% NuSerum IV and 50 U penicillin/streptomycin.
Viral supernatants were collected at 24 h intervals for 3 days. At the time of secondary plating,
upper sternal chondrocytes were incubated for 48 h with fresh viral supernatant mixed ina 1:1
ratio with plating medium. TGF-$ (5 ng/ml) or BMP-2 (50 ng/ml) was added to selected
treatment groups in fresh medium and total RNA was extracted from the cells after 3 days of
growth factor treatment. Media and growth factors were replenished at 48 h intervals.

Transfection and Luciferase Assay

For transfection, chick upper sternal chondrocytes were plated at a density of 10° cells/well in
six-well plates. After 12 h, cells were transfected. We used either the full-length ABC-640-
Luc promoter or the BMP-responsive b2-640-Luc fragment of chick type X collagen promoter
driving the expression of the Renilla luciferase reporter gene (a gift from Dr. Phoebe Leboy)
[Volk et al., 1998]. Transient transfection used 100 ng of the type X collagen reporters and 500
ng of either wild-type or mutant -Catenin cDNA (a gift from Dr. Ben Alman) and/or wild-
type TCF-4 (a gift from Dr. Ben Alman) and LEF-1 (a gift from Dr. Jennifer Westendorf). The
TGF-B responsive reporter, p3TP-Luc (500 ng; a gift from Dr. Joan Massague) and the Topflash
reporter (500 ng; a gift from Dr. Jennifer Westendorf) were also used. Transfection was
performed with the transfection reagent superfect (Qiagen). Two hours after transfection,
cultures were placed in regular media for 24 h, followed by treatment with BMP-2 (50 ng/ml)
or TGF-B (5 ng/ml) for the next 24 h. Cells were lysed using the passive lysis buffer (Promega)
and luciferase activity in the cell lysate measured using the dual Luciferase assay system
(Promega) with an Optocomp luminometer (MGM Instruments, Hamden, CT). Basic PGL3
vector (10 ng) containing the firefly luciferase gene (Promega) was used to standardize
transfection efficiency for the type X collagen reporters. For p3TP-Luc and Topflash,
transfection efficiency was determined by co-transfection with pRL vector (Promega) and
determining the Renilla uniformis luciferase activity. In all experiments, control vectors were
used to keep the total amount of transfected DNA identical.

Statistical Analysis

Each of the experiments was repeated at least three times. Differences in between the various
treatments or time points were compared using a two-way analysis of variance. Statistical
significance was considered present when the P value was <0.05.

RESULTS

Whnts Expression Is Regulated During Chondrocyte Differentiation

Limited information is available concerning Wnt expression in chondrocytes undergoing
endochondral ossification and experiments were conducted examining expression levels over
time in three distinct primary chick chondrocyte differentiation models. Initially, we compared
the relative levels of colX expression and rate of differentiation in day 14 embryonic
chondrocytes obtained from either the cephalic (upper sternal chondrocytes) or caudal (lower
sternal chondrocytes) portion of the sternum, and day 18 embryonic growth plate chondrocytes
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(Fig. 1A). While spontaneous maturation occurred in the three culture models, the basal level
of colX expression was highest in growth plate chondrocytes, intermediate in cephalic sternal
chondrocytes, and essentially undetectable in caudal sternal chondrocytes. By 6 days, there
was a four-fold increase in colX expression in growth plate and upper sternal chondrocytes and
detectable levels in lower sternal chondrocyte cultures.

The expression of various Wnt genes was examined over time in the chondrocyte cultures.
Wnt4, 5a, 7a, 8¢, and 9a all had increased expression over the course of the 6 day culture period
in each of the cell culture models (Fig. 1B-D). In lower sternal chondrocytes, the greatest
increases were observed in Wnt4, 8c, and 9a (Fig. 1B); in upper sternal chondrocytes in Wnt
8c (Fig. 1C); and in growth plate chondrocytes in Wnt 7a, 8c, and 9a (Fig. 1D). The findings
show that the Wnts are regulated during chondrocyte maturation in cell culture. Wnt4 and
Wnt8c were highly upregulated in the least differentiated culture model (lower sternal
chondrocytes), while Wnt 7a, 8¢, and 9a had large increases in the more-mature chondrocyte
cultures (upper sternal and growth plate chondrocytes). Wnt8c is highly upregulated at all time
points in the upper sternal chondrocytes, which exhibit an intermediate differentiation
phenotype, suggesting a role for this factor at different stages of chondrocyte maturation.

TGF-B, PTHrP, and BMP-2 Differentially Regulate Wnt Expressions in Chondrocytes

Since TGF-B and PTHrP inhibit, and BMP-2 stimulates chondrocyte maturation experiments
were performed to determine whether Wnt expression is also regulated by these growth factors.
The upper sternal chondrocyte cell culture model was used in these and subsequent experiments
because of its intermediate rate of chondrocyte maturation (Fig. 1A). A 24 h treatment with
PTHrP or TGF-B inhibited the expression of colX, and the magnitude of the reduction was
approximately 70% with both growth factors (Fig. 2). TGF-P caused a reduction in the
expression of all of the other Wnts (Wnt4 by 5.2-fold; Wnt5a by five-fold; Wnt7a by six-fold;
Wnt8c by three-fold; and Wnt9a by three-fold). In contrast, PTHrP caused a slight reduction
in the expression of Wnt7a, and no reduction in the expression of the other Wnts (Fig. 2). To
further confirm that Wnt expression is associated with chondrocyte differentiation and
differentially regulated by growth factors, upper sternal chondrocyte cultures were treated with
BMP-2, which induces colX and other maturational markers in these cultures [Volk et al.,
1998]. BMP-2 treatment for 24 h resulted in approximately a two-fold increase in Wnt8c, but
caused no significant change in the expression of Wnt 4, Wnt 7a, and Wnt 9a and reduced the
expressions of Wnt 5a by at least two-fold.

Thus, while TGF-B and BMP-2 cause opposite effects on maturation, only the expression of
Wnt 8c mimicked these effects; Wnt 8c was reduced by TGF-$ and increased by BMP-2.
Altogether, the experiments suggest that Wnt expressions are associated with the state of
chondrocyte differentiation, but also indicate that these growth factors specifically and
differentially regulate Wnt expression in chondrocytes.

B-Catenin-TCF/LEF Signaling Pathway Enhances Chondrocyte Maturation

Members of the Wnt family of proteins signal through various second messenger-signaling
pathways. The canonical pathway involves downstream signals mediated by B-Catenin and its
binding partners, the TCF/LEF family of transcription factors. Alternatively, some Wnts
stimulate the generation of calcium transients and activation of phospholipase C. While Wnt5a
stimulates calcium transients [Slusarski et al., 1997; Liang et al., 2003], recent evidence
supports activation of B-Catenin signaling by Wnt8C [Lewis et al., 2004; Ramel and Lekven,
2004]. In order to determine whether p-Catenin is involved in the acceleration of chondrocyte
differentiation, various p-Catenin signaling molecules were co-transfected into upper sternal
chondrocyte cultures along with chicken type X collagen promoter fragments.
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Co-transfection of either B-Catenin (sevenfold), or LEF-1 (five-fold) increased transactivation
of the full-length type X collagen promoter (ABC-640-Luc), and when overexpressed together,
the effect was further enhanced (14-fold) (Fig. 3A). We next examined the relative
responsiveness of the full-length type X collagen promoter (ABC) and a partial promoter,
b2-640-Luc. The b2 fragment is 533 bases and contains the BMP responsive region of the
promoter [Volk et al., 1998]. Co-transfection of p-Catenin and TCF-4 induced both promoters,
but the effect was greater with the full-length promoter (ABC-640-Luc; 37-fold) than that
observed with the truncated promoter (b2-640-Luc; 15-fold). Co-transfection with a mutant
B-Catenin, which lacks sequences necessary for degradation and thus remains active, resulted
in a similar degree of activation as that observed in the cultures transfected with wild-type p-
Catenin (Fig. 3B). Thus, the type X collagen promoter is highly responsive to B-Catenin
signaling and subsequent experiments utilized the more responsive full-length promoter.

The ability of B-Catenin and the p-Catenin activator, Wnt8c, to stimulate colX and alkaline
phosphatase gene expressions were examined in the chondrocyte cultures (Fig. 3C,D). Both
f3-Catenin and Wnt8c overexpressions induced colX and alkaline phosphatase expressions, but
the effect was maximal in chondrocytes co-infected with both viruses, consistent with
activation of p-Catenin signaling by Wnt8c.

Final experiments were conducted to determine if TGF-B and BMP-2 modulate genes that are
regulated by Wnt8C (Fig. 4A,B). Chondrocytes infected with Wnt8C-RCAS had increased
expression of both colX and alkaline phosphatase compared to control RCAS infected cultures.
Treatment of the cultures with TGF-p resulted in a decrease in basal expression levels and
eliminated induction by Wnt8c. In contrast, BMP-2 enhanced gene expression and maximal
expressions were observed in Wnt8c-RCAS-infected cultures treated with BMP-2. Thus,
members of the TGF-p signaling family modulate responsiveness to Wnt8c generated signals.

BMP-2 Enhances and TGF-B Antagonizes B-Catenin-TCF/LEF Mediated Transcription

In order to determine whether BMP-2 and TGF-p signaling directly interacts with B-Catenin
signal transduction, TCF-4 was transfected alone or in combination with either wild-type or
mutant B-Catenin in the presence of BMP-2 (Fig. 5A) or TGF-B(Fig. 5B). TCF-4 alone induced
type X collagen promoter activity by approximately 10-fold, while reporter gene expression
was dramatically enhanced (40-fold) when co-transfected with either mutant or wild-type B-
Catenin (Fig. 5). Addition of BMP-2 alone caused a 25-fold induction over basal levels and
the effect was markedly enhanced by TCF-4 alone and TCF-4 with p-Catenin in combination
which shows a maximal induction of 200-fold compared to the control (Fig. 5A). In contrast,
TGF-p inhibited the type X collagen promoter activity in all cases, both alone and in cells co-
transfected with TCF-4 and p-Catenin (Fig. 5B). The level of promoter activation in TCF-4/
B-Catenin co-transfected cultures treated with TGF-p remained greater than that observed in
control cultures (five-fold induction), but was dramatically reduced compared to the maximally
stimulated levels (40-fold) (Fig. 5B).

Interdependence of B-Catenin and TGF-B Signaling in Regulating Chondrocyte Maturation

The effect of TGF-B on B-Catenin signaling was further examined. The decrease in promoter
activity possibly results from either, or a combination of (i) an independent effect mediated by
aregion of the promoter distinct from the B-Catenin binding site; or (ii) direct interference with
B-Catenin mediated transcriptional activation. To examine the second possibility, chondrocytes
were co-transfected with the Topflash reporter along with B-Catenin signaling molecules in
the presence and absence of TGF-p (Fig. 6A). The Topflash reporter was induced 13-fold by
co-transfection with B-Catenin and TCF-4, but the induction was completely eliminated in
cultures treated with TGF-B. Since the Topflash promoter is composed of multiple repeats of
the B-Catenin-TCF/LEF consensus binding sequence and does not contain Smad or other
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binding sites, the data suggests that TGF-p can directly interfere with $-Catenin mediated gene
transcription.

Chondrocytes were also transfected with the TGF- responsive reporter, p3TP-Luc and the
effect of co-transfection with -Catenin examined in the presence and absence of TGF-p.
Alone, TGF-p caused a seven-fold induction in p3TP-Luc activity, while co-transfection of
f-catenin in the absence of TGF-f resulted in approximately a 25% decrease in basal promoter
activity. Co-transfection with p-Catenin decreased promoter activation in response to TGF-3
to approximately five-fold (Fig. 6B). Thus, although p-Catenin reduces TGF-p activation of
the promoter, the response is partial.

DISCUSSION

While Whnts are critical regulators of growth and development, little is known regarding their
role during endochondral ossification. All of the Wnts examined including 4, 5a, 7a, 8c, and
9a were increased during chondrocyte differentiation, suggesting a potential role for one or
more Whnts in the process of endochondral ossification. Wnt expression was responsive to
growth factors and TGF-p decreased the expression of each of the Wnts examined. Wnt5a,
which stimulates calcium transients, decreased chondrocyte maturation. TGF-p completely
blocked the maturation effects of Wnt8c and p-Catenin, as well as activation of the type X
collagen promoter. While these genes and type X collagen promoter contain a complex array
of potential transcriptional binding sites, TGF-p also inhibited B-Catenin mediated activation
of the Topflash reporter, which is dependent solely on B-Catenin activation.

Previous in vivo studies established that Wnt family members, Wnt3a, Wnt4, Wnt5a, Wnt5b,
Whnt7a, Wnt8c, Wnt9a, and Wnt11 have distinct expression patterns in the developing limb
and a role for Wnt signaling has been established during chondrogenesis [Moon et al., 1997;
Hartmann and Tabin, 2000; Church et al., 2002]. Wnt1, Wnt4, and Wnt7a have been shown
to block chondrogenesis [Rudnicki and Brown, 1997; Church et al., 2002; Tufan et al.,
2002]. In contrast, overexpression of Wnt3a [Fischer et al., 2002], Wnt5a, and Wnt5b enhance
chondrogenesis [Church et al., 2002].

However less is known concerning Wnt expression in the growth plate. In the chick embryonic
limb, Wnt4 is expressed in cells of the joint region, Wnt5a in the perichondrium, and Wnt 5b
in prehypertrophic chondrocytes and in the outermost layer of perichondrium [Hartmann and
Tabin, 2000]. Church et al., 2002 also found Wnt4 expression in hypertrophic chondrocytes,
and Wnt11 was expressed in a pattern similar to Wnt5b. Similarly the Frzb, a secreted decoy
receptor and antagonist of Wnt signaling has expression limited to prehypertrophic
chondrocytes [Enomoto-lwamoto et al., 2002]. In the current study, we established the
expression of multiple Whnts including Wnt 4, 5a, 7a, 8c, and 9a in chondrocytes undergoing
differentiation. In lower sternal chondrocytes, Wnt4 had the highest level of expression while
Whnt8c expression was highest in upper sternal chondrocytes and growth plate chondrocyte
cultures. Interestingly, Wnt9a was also highly expressed in the various cultures. Altogether,
the findings suggest that these and other Wnts are important regulators of chondrocyte
maturation during endochondral ossification.

Previous work established a potential role for Wnts and p-Catenin as a regulator of the rate of
chondrocyte maturation. Similar with our in vitro findings, in the developing chick limb bud,
Whnt5a misexpression delays the maturation of chondrocytes and the onset of bone collar
formation, while Wnt4 and Wnt8c misexpression accelerate chondrocyte maturation
[Hartmann and Tabin, 2000; Church et al., 2002; Enomoto-lwamoto et al., 2002]. 3-Catenin
and its binding partner LEF-1 also accelerated maturation in developing chick limbs [Hartmann
and Tabin, 2000; Enomoto-lwamoto et al., 2002]. Loss of B-Catenin function in a murine model
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has recently been shown to delay chondrocyte hypertrophic differentiation and result in a dwarf
phenotype [Akiyama et al., 2004]. Similarly, inhibition of B-Catenin through forced
overexpression of two dominant negative Wnt receptors, Chfz-1 and Chfz-7, both of which
signal through B-Catenin, also delays chondrocyte maturation in vivo [Hartmann and Tabin,
2000]. Finally, the soluble receptor antagonist, Frzb is expressed in the developing chick limb
bud [Ladher et al., 2000]. Overexpression of Frzb also delays chondrocyte maturation,
suggesting that endogenous Wnt signals are essential for a normal rate of chondrocyte
differentiation and endochondral bone formation [Enomoto-lwamoto et al., 2002].

Whnt8c and Wnt9a were both highly expressed as chondrocytes underwent maturation in vitro.
Although Wnt8c overexpression was previously shown to accelerate chondrocyte maturation
in vivo [Enomoto-lwamoto et al., 2002], the expression of Wnt8c in cartilage cells has not been
previously investigated. Wnt9a has been reported to be an important regulator of joint
formation [Hartmann and Tabin, 2001]. Interestingly Wnt4, which is also expressed in the
developing joint, also stimulates chondrocyte maturation, and is highly expressed in
hypertrophic chondrocytes in vivo and in vitro in our cell cultures [Church et al., 2002]. In
contrast, the relative expression of Wnt5a, which inhibits differentiation was much lower in
all of the cell culture systems.

Previous work in our laboratory and by others has established that despite their closely related
signaling systems and pathways, TGF-B and BMPs have antagonistic effects, with TGF-
inhibiting and BMP stimulating chondrocyte maturation. While all of the Wnts examined were
reduced by TGF-B, only Wnt8c expression was increased by BMP-2. Coupled with its
relatively high level of expression in chondrocytes, these finding suggest that Wnt8c might be
a particularly important regulator in cartilage. In general, there is less known about Wnt
regulation compared to other growth factors involved in endochondral ossification. Previous
studies in other models have established that BMPs induce Wnt expression in xenopus
mesoderm, while retinoic acid induces its expression in the developing rostral neural plate in
the mouse [Bouillet et al., 1996; Hoppler and Moon, 1998].

Our studies confirm a role for Wnt/B-Catenin regulation of chondrocyte maturation, and further
establish a critical role for TGF- as a modulator of B-Catenin effects. In the absence of TGF-
B signaling, B-Catenin is a potent enhancer of colX and alkaline phosphatase gene expression.
However, in the presence of TGF-f, the maturational effects of 3-Catenin are abolished. These
findings are consistent with previous work that has established TGF-f as a potent inhibitor of
chondrocyte differentiation. Interestingly, loss of TGF-B function in vivo results in articular
chondrocyte maturation [Serra et al., 1997; Yang et al., 2001]. Since these cells normally
remain immature, these findings demonstrate that TGF-f inhibits factors that in its absence
permit differentiation. B-Catenin appears to be a strong candidate as one of these factors. Recent
data has shown that B-Catenin is highly expressed in osteoarthritic cartilage, suggesting that
this signaling molecule may be involved in the pathogenesis of osteoarthritis [Kim et al.,
2002].

Our data support a multi-factorial mechanism involved in TGF antagonism of B-Catenin effects
in chondrocytes. We observed an inhibition of p-Catenin signaling even in the presence of
forced overexpression of B-Catenin and with the target being a p-Catenin specific binding
sequence on the Topflash reporter. Previous work in other models has established interactive
effects between TGF-f and B-Catenin. TGF-p and B-Catenin signaling synergistically stimulate
chondrogenesis from undifferentiated human marrow mesenchymal cells [Zhou et al., 2004].
In pellet cultures of human mesenchymal precursor cells, TGF-p stimulates Wnt7a expression
results in an increase in basal Topflash signaling, and enhances chondrogenesis [Tuli et al.,
2003]. Direct interactions between Smad signaling molecules and p-Catenin have also been
demonstrated. Treatment of C3H10T1/2 cells with BMP-2 results in association and co-
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immunoprecipitation of Smad4 and p-Catenin [Fischer et al., 2002]. In Xenopus embryos, B-

Catenin/LEF-1/TCF complexes with Smad4 with direct effects on gene expression [Nishita et
al., 2000]. Labbe et al., 2000 have shown that that Smad3 physically interacts with the HMG
box domain of LEF-1 and forms a co-immunoprecipitation complex. $-Catenin has also been
shown to co-immunoprecipitate with Sox-9, leading to inhibition of signaling, similar to our

findings with TGF-B [Akiyama et al., 2004].

Unraveling the manner in which chondrocytes integrate multiple complex signaling pathways
in the local environment and determine cell fate is critical for an understanding of endochondral
ossification. Among the most challenging features of endochondral ossification is
identification of factors that prime chondrocytes for progression through maturation in the
absence of inhibitory signals. B-Catenin partially impairs TGF-f signaling, as measured by
activation of the p3TP-Luc promoter, but TGF-f has dominant effects as a regulator of
maturation. Thus, although B-Catenin is a critical regulator of chondrocyte maturation effects
are completely dependent on the presence or absence of TGF-p signaling. Our study defines
f3-Catenin as one of the elusive intracellular signals priming chondrocytes for progression
through maturation in the absence of inhibitory signals.
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Fig. 1.

Type X collagen and Wnt gene expression in chick chondrocyte cultures. Chondrocytes were
isolated from the cephalic (upper) or caudal (lower) sternum or tibia growth plates of day 15
and day 19 chicken embryos as described in Materials and Methods. Total RNA was prepared
from cultures at days 2, 4, and 6. Real-time RT-PCR was carried out using primers for chicken
type X collagen, Wnt4, Wntba, Wnt7a, Wnt8c, and Wnt9a. The relative expression of colX
was examined over time in the different cultures (A). Wnt expression was examined over time
in lower sternal chondrocytes (B), upper sternal chondrocytes (C), and growth plate
chondrocytes (D). Gene expression was normalized to GAPDH. The data shown are
representative results of three independent experiments; bars, +standard error of the mean.
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Fig. 2.

Transforming growth factor-beta (TGF-B), parathyroid hormone related peptide (PTHrP), and
BMP-2 regulate Wnt expression in Chondrocytes. Embryonic chick cephalic sternal
chondrocyte were cultured for 24 h and were treated with either TGF-$ or PTHrP or with
BMP-2. After 24 h of treatment, total RNA was extracted from the cultures and gene
expressions determined by real-time RT-PCR using chick specific primers. The data shown
are representative results of three independent experiments; bars, +standard error of the mean.
The symbol, * represents a significant difference compared to controls with P <0.05.
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Fig. 3.

B-Catenin and Wnt8c cooperate to stimulate chondrocyte maturation. Embryonic chick upper
sternal chondrocyte were transfected with the full-length type X collagen reporter (ABC-640-
Luc; 100 ng) and lymphocyte enhancer factor 1 (LEF-1) (500 ng) and/or -Catenin (500 ng)
or control vectors after 12 h in culture. Two hours after transfection, standard medium was
added and the cultures were harvested 48 h later for luciferase assay. A basic PGL3 vector (10
ng) containing the firefly luciferase gene was used to standardize transfection efficiency.
Results are represented as relative luciferase activities obtained by dividing the firefly
luciferase by renilla luciferase (A). Similarly, chondrocytes were transfected with ABC-640-
Luc (100 ng) or b2-640-Luc (100 ng) and/or B-Catenin (500 ng) and/or T cell factor (TCF)-4
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(500 ng) and luciferase assay performed after 48 h (B). Embryonic chick upper sternal
chondrocyte were infected with either a control RCAS virus, or viruses containing inserts for
either Wnt8c in RCAS BP (B) and/or -Catenin in RCAS BP (A) (C,D) at the time of plating.
After a 48 h culture period in medium containing fresh viral supernatant mixed in a 1:1 ratio
with plating medium, fresh control medium was added. Total RNA was extracted from the
cultures 3 days later and gene expressions determined by real-time RT-PCR using chick
specific primers for either colX (C) or alkaline phosphatase (D). The data shown are
representative results of three independent experiments; bars, standard error of the mean. The
symbol, * represents a significant difference compared to controls with P <0.05.
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Fig. 4.

Stimulation of chondrocyte maturation by Wnt8c is enhanced by BMP-2 and abolished by
TGF-B. Embryonic chick upper sternal chondrocyte were infected with either a control RCAS
virus, or viruses containing an insert for Wnt8c at the time of plating. After an initial 48 h
culture period in medium containing fresh viral supernatant mixed in a 1:1 ratio with plating
medium, fresh control medium or medium containing TGF-B (5 ng/ml) or BMP-2 (50 ng/ml)
was added. Total RNA was extracted from the cultures 5 days later and gene expressions
determined by real-time RT-PCR using chick specific primers for either colX (A) or alkaline
phosphatase (B). The data shown are representative results of three independent experiments;
bars, +standard deviation.
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Fig. 5.

BMP-2 enhances p-Catenin-TCF-4 mediated transcription. Embryonic chick upper sternal
chondrocyte were transfected with the full-length type X collagen reporter (ABC-640-Luc;
100 ng) and TCF-4 (500 ng) and/or either mutant (non-degradable) or wild-type B-Catenin
(500 ng) after 12 h in culture. Two hours after transfection, standard medium was added with
or without BMP-2 (50 ng/ml) (A) or TGF-$ (5 ng/ml) (B) and the cultures were harvested 48
h later for luciferase assay. A basic PGL3 vector (10 ng) containing the firefly luciferase gene
containing the firefly luciferase gene was used to standardize transfection efficiency. Results
are represented as relative luciferase activities obtained by dividing the firefly luciferase by
renilla luciferase.

J Cell Biochem. Author manuscript; available in PMC 2009 March 2.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Page 18

-

Topflash Luciferase =

14
145 4
144
12 4

10 4

{Fold incremse)

TCE-4 - - v i

R RS
P

f-catenin - Wild Type Wild Type Wild Type
TGF-p -

B

o

| Fald increase)

P3TP-Luc activity

R foccs: I

TGE-f (5ngfml) - + - +

Control P—catenin

Fig. 6.

TGF-p antagonizes B-Catenin-TCF-4 mediated transcription. Similarly, chondrocytes were
transfected with the Topflash reporter (500 ng) and p-Catenin (500 ng) alone or with TCF-4
(500 ng) in the presence of TGF-B (5 ng/ml) and luciferase assay performed after 48 h.
Transfection efficiency was determined by co-transfection with pRL vector (Promega) and
determining the renilla uniformis luciferase activity (A). Embryonic chick upper sternal
chondrocyte were transfected with p3TP-Luc (500 ng) and TCF-4 (500 ng) and either mutant
wild-type B-Catenin (500 ng) or control vector after 12 h in culture. Two hours after
transfection, standard medium was added with or without TGF-p (5 ng/ml) and the cultures
were harvested 48 h later for luciferase assay. Transfection efficiency was determined by co-
transfection with pRL vector (Promega) and determining the renilla uniformis luciferase
activity. Results are represented as relative luciferase activities obtained by dividing the firefly
luciferase by renilla luciferase (B).
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