
INTRODUCTION

Skeletal elements of vertebrate limbs are derived from
mesenchymal cells, which condense to form initial
prechondrogenic cell aggregates. These early condensations,
by their position, shape and size, prefigure the future skeletal
elements (Hinchcliffe and Johnson, 1990). Cells within the
core of these condensations differentiate into chondrocytes,
synthesizing and secreting an extensive extracellular matrix
(Pechak et al., 1986; Hall, 1988), while fibroblast-like cells in
the periphery go on to form a perichondrial sheath surrounding
the cartilage element (Rooney and Archer, 1992). Initial
growth of these cartilage elements is due to proliferation of
chondrocytes and perichondrial cells, as well as deposition of
new matrix. Subsequently, chondrocytes in the middle of the
cartilage element (diaphysis) exit the cell cycle and mature
into hypertrophic chondrocytes, characterized by an increase
in cell size and by secretion of a distinct extracellular matrix,
which eventually becomes calcified (Poole, 1991). As a
result, immature proliferating chondrocytes are only found
at each end (epiphysis) of developing bones, appearing as
two morphologically distinct populations. Proliferating
chondrocytes in the articular region are small, round and

closely packed, while adjacent to them is a zone of radially
flattened proliferating chondrocytes (Fig. 8). The different
populations of chondrocytes are morphologically
distinguishable in cartilage elements of the stylopod and
zeugopod from day 7.5 onwards, and express distinct
molecular markers. For example, proliferating chondrocytes as
well as a subset of the non-proliferating chondrocytes express
the marker Col-II (Nah et al., 1988), while the non-
proliferating hypertrophic cells express the marker Col-X
(Linsenmayer et al., 1991). The population of non-proliferating
Col-II expressing chondrocytes also expresses the marker Ihh
and is referred to as the prehypertrophic chondrocytes
(Vortkamp et al., 1996).

The maturation process of the chondrocytes is accompanied
by characteristic morphological changes within the
surrounding perichondrium. Initially the cells in the
perichondrium are small and round chondroblasts, which are
morphologically indistinguishable from the proliferating
chondrocytes. As the cartilage element begins to mature, the
chondroblasts in the articular perichondrium maintain this
morphology, while these surrounding the diaphysis become
flattend. As the adjacent chondrocytes hypertrophy the
perichondrium of the diaphysis differentiates into a structure
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Long bones of the appendicular skeleton are formed from
a cartilage template in a process known as endochondral
bone development. Chondrocytes within this template
undergo a progressive program of differentiation
from proliferating to postmitotic prehypertrophic to
hypertrophic chondrocytes, while mesenchymal cells
immediately surrounding the early cartilage template form
the perichondrium. Recently, members of the Wnt family
of secreted signaling molecules have been implicated in
regulating chondrocyte differentiation. We find that Wnt-
5a, Wnt-5band Wnt-4 genes are expressed in chondrogenic
regions of the chicken limb: Wnt-5a is expressed in the
perichondrium, Wnt-5b is expressed in a subpopulation of
prehypertrophic chondrocytes and in the outermost cell
layer of the perichondrium, and Wnt-4 is expressed in cells
of the joint region. Misexpression experiments demonstrate
that two of these Wnt molecules, Wnt-5a and Wnt-4, have
opposing effects on the differentiation of chondrocytes and
that these effects are mediated through divergent signaling
pathways. Specifically, Wnt-5a misexpression delays the

maturation of chondrocytes and the onset of bone collar
formation, while Wnt-4misexpression accelerates these two
processes. Misexpression of a stabilized form of β-catenin
also results in accelerated chondrogenesis, suggesting that
a β-catenin/TCF-LEF complex is involved in mediating the
positive regulatory effect of Wnt-4. A number of the genes
involved in Wnt signal tranduction, including two members
of the Frizzled gene family, which are believed to encode
Wnt-receptors, show very dynamic and distinct expression
patterns in cartilaginous elements of developing chicken
limbs. Misexpression of putative dominant-negative forms
of the two Frizzled proteins results in severe shortening of
the infected cartilage elements due to a delay in
chondrocyte maturation, indicating that an endogenous
Wnt signal does indeed function to promote chondrogenic
differentiation.
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known as the periosteum. The innermost periosteal cells
adjacent to the region of hypertrophied chondrocytes
differentiate into osteoblasts, which secrete a bone matrix
(osteoid) that becomes progressively calcified, forming a
membranous bone collar around the diaphysis of the cartilage
element (Caplan and Pechak, 1987). The outer layer of
the periosteum consists of several layers of longitudinally
elongated cells, and elongated perichondrial cells also surround
the zone of flattened chondrocytes (Rooney and Archer, 1992)
(Fig. 8). Several growth factors and/or their receptors have
been reported to be expressed in cells of the perichondrium,
including members of the TGF-β superfamily and their
receptors (Thorp et al., 1992; Macias et al., 1997; Zou et al.,
1997), the hedgehog receptor Patched-1 (Ptc-1) (Vortkamp et
al., 1996), Parathyroid hormone-related peptide (PTHrP) and
the PTH/PTHrP-receptor (Vortkamp et al., 1996), retinoid acid
and one of its receptors (Koyama et al., 1999) and Fgf receptors
(Delezoide et al., 1998; Szebenyi et al., 1995). In contrast to
molecular markers expressed in chondrocytes, which have
been assigned to different subpopulations, the expression of
perichondrial markers has not been as well defined. 

The molecular mechanisms controlling the differentiation
program of chondrocytes and surrounding perichondrial/
periosteal cells are just starting to be elucidated (for reviews
see Reddi, 1994; Erlebacher et al., 1995; Wallis, 1996; Rodan
and Harada, 1997). Several lines of evidence suggest that
signals from the perichondrium negatively regulate
chondrocyte differentiation (Vortkamp et al., 1996; Zou et al.,
1997; Long and Linsenmayer, 1998). One of the key negative
regulators identified so far is the secreted molecule PTHrP,
which is normally expressed in the periarticular region (Lee et
al., 1995). The expression of PTHrP in the periarticular region
is regulated by Ihh signaling (Vortkamp et al., 1996; St-Jacques
et al., 1999). The current model is that Ihh, secreted by the
prehypertrophic chondrocytes, signals to its receptor Ptc,
which is expressed in cells of the surrounding perichondrium
(Vortkamp et al., 1996). Ihh signaling has been proposed to act
on the expression of BMPs in the perichondrium (Zou et al.,
1997; Pathi et al., 1999), which in turn signal through
BMPRIA, expressed in the periarticular region and in
prehypertrophic chondrocytes (Zou et al., 1997). Ihh and BMP
signaling ultimately regulate the level of periarticular PTHrP,
which signals to its receptor expressed in chondrocytes
(Lanske et al., 1996; Vortkamp et al., 1996; Zou et al., 1997;
Chung et al., 1998; St-Jacques et al., 1999). This signaling loop
forms a feedback mechanism, which ultimately negatively
regulates the number of cells committing to a prehypertrophic
fate. 

Another group of secreted signaling molecules implicated in
limb development are encoded by members of the Wnt gene
family (Dealy et al., 1993; Parr and McMahon, 1995; Riddle
et al., 1995; Vogel et al., 1995; Yang and Niswander, 1995;
Kengaku et al., 1998; Kawakami et al., 1999; Yamaguchi et al.,
1999). Wnt genes are defined by sequence similarity to the
founding members Wnt-1 in mouse (originally called int-1;
Nusse and Varmus, 1982; van Ooyen and Nusse, 1984) and
wingless(wg) in Drosophila (Cabrera et al., 1987; Rijsewijk
et al., 1987). To date, 19 members of the Wnt family have
been identified in higher vertebrates (Wnt-homepage:
http://www.stanford.edu/~rnusse/wntwindow.html), and they
have been implicated in regulating a variety of processes

during development (for reviews see Nusse and Varmus, 1992;
Cadigan and Nusse, 1997; Moon et al., 1997). For example,
recent gain-of-function studies in mouse (Zakany and Duboule,
1993) and chick (Rudnicki and Brown, 1997; Kawakami et al.,
1999) have suggested that Wnt molecules exert negative effects
on chondrogenesis; however, the cellular mechanism by which
they act is unclear. 

Wg/Wnt proteins bind to seven-transmembrane receptors
encoded by the Frizzled(Fz) gene family (Bhanot et al., 1996;
Wang et al., 1996). There is evidence suggesting that several
intracellular pathways can be activated in response to
stimulation by a Wnt signal (Kengaku et al., 1998; Lee et al.,
1999; Peters et al., 1999; Sakanaka et al., 1999; for review see
Cox and Peifer, 1998; Bejsovec, 1999; Arias et al., 1999);
however, only one of these signaling pathways has been well
characterized using genetic and biochemical tools. In this
classical pathway, Wg/Wnt signaling eventually leads to the
stabilization of an effector protein, known as armadillo (arm)
in flies and β-catenin (β-cat) in vertebrates, resulting in the
activation of Wg/Wnt target genes through a complex
containing arm/β-cat and DNA-binding transcription factors
encoded by the TCF/LEFgene family (for reviews see Cadigan
and Nusse, 1997; Moon et al., 1997; Cox and Peifer, 1998).
Recent studies have led to the conclusion that the diversity of
the signal transduction pathways downstream of the Wnt
signals is mediated at the level of the receptors, which can be
subdivided into at least two classes on the basis of their
intracellular response: one class, which functions through the
β-cat/TCF-LEF complex, and a second class, which functions
by stimulating an increase in intracellular Ca2+ and the
subsequent activation of protein kinase C (Sheldahl et al.,
1999; for review see Miller et al., 1999). 

In this study, we show that three Wnt genes and various
components of the Wnt signaling pathway are expressed in
particular chondrogenic regions of the chick limb. Furthermore
we use the replication-competent avian retrovirus system to
demonstrate that misexpression of two of the Wntgenes, Wnt-
5a and Wnt-4, result in opposite effects on the maturation
process of chondrocytes: Wnt-5a misexpression delays
chondrocyte maturation, while Wnt-4 misexpression
accelerates both chondrocyte and perichondrium maturation.
In addition, we present evidence that the acceleration of
chondrogenesis in response to Wnt signaling is mediated by β-
catenin. Misexpression of dominant-negative Frizzleds
belonging to the β-cat/TCF-mediated class results in a delay in
chondrocyte maturation, supporting an endogenous role for β-
catenin-mediated Wnt signaling in positively regulating
chondrogenesis. 

MATERIALS AND METHODS

RNA probes
Antisense riboprobes radiolabeled with [33P]UTP were prepared as
described: Chfz1, Chfz7(Kengaku et al., 1997), Lef-1(Kengaku et al.,
1998), Ihh, PTHrPand PTH/PTHrP-receptor (Vortkamp et al., 1996),
Col-X (LuValle et al., 1988) and Bmp-4 (Francis et al., 1994).
Riboprobes for cWnt-5a and cWnt-5b were kindly provided by A.
McMahon. A cDNA for chicken Patched-2 (Ptc-2) was kindly
provided by R.V. Pearse. Radiolabeled riboprobes for chick Wnt-4
(containing the full-length open reading frame of Wnt-4 in pGEM-T
(Tanda et al., 1995) amplified by RT-PCR), chick Tcf-4
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(corresponding to amino acids 163-290 of mouse TCF-4; amplified
by RT-PCR using degenerate primers and cloned into pGEM-T), chick
bone sialoprotein II(cBspII; RT-PCR product corresponding to amino
acids 79-257 (Yang et al., 1995) cloned into pGEM-T) and chick
osteopontin (cOp; RT-PCR product corresponding to amino acids 34-
249 (Castagnola et al., 1991) cloned into pGEM-T) were generated
by transcription reactions using Sp6-RNA polymerase from templates
linearized with the restriction enzyme NcoI. A radiolabeled riboprobe
for β-catenin (Lu et al., 1997; RT-PCR product corresponding to
amino acids 64-272 cloned into pGEM-T) was generated by a
transcription reaction using T7-RNA polymerase from a SpeI-
linearized template. 

Processing of chick embryos and in situ hybridization
White Leghorn chicken eggs were obtained from SPAFAS (Norwich,
CT, USA) and incubated at 37.5°C for the desired length of time and
staged according to Hamburger and Hamilton (1951) (HH). Embryos
were fixed in 4% paraformaldehyde/PBS, pH 7.4, overnight at 4°C
and processed either for whole embryo skeletal staining or paraffin
sectioning. Limbs for paraffin sectioning were dehydrated through an
ethanol series and embedded in paraffin according to standard
protocols (Prophet, 1994). Uninjected contralateral (left) wing and
virally infected (right) wing were treated in parallel and embedded
into the same mold. For serial sections, 2-3 continuous microtome
sections of 5-6 µm were successively collected on 5-9 alternating
slides. Radioactive RNA-section in situ hybridization on paraffin
sections was carried out as described by Tessarollo et al., (1992), with
the following modifications. Slides were hybridized at 70°C in a
humidified chamber for 18 hours under polypropylene coverslips with
a solution containing 50% formamide, 10% dextran sulfate, 300 mM
NaCl, 20 mM Tris-HCl, pH 7.4, 5 mM EDTA, 10 mM NaPO4 buffer,
pH 8.0, 1× Denhardt’s, 0.5 mg ml−1 yeast total RNA and radiolabeled
probe. Posthybridization steps included RNAse A (25 µg ml−1,
Boehringer) treatment for 60 minutes at 37% followed by a high-
stringency wash in 50% formamide/2× SSC at 55°C. The slides were
dehydrated, dipped in NTB-2 emulsion (Kodak), exposed for 3-7
days, developed and counterstained with 0.1% Toluidine Blue. 

Construction of retroviral constructs and viral
misexpression
The retroviral construct RCASBP(A)/stabilized β-catenin has been
described previously (Kengaku et al., 1998). The RCASBP(A)
construct carrying the full-length open reading frame of mWnt-5a
construct was kindly provided by Y. Yang and A. McMahon. The
RCASBP(A) constructs carrying the full-length open reading frames
of mWnt-4 (5′ BsaI-primer: GGTCTCCATGAGCCCCCGTTCGT-
GC; 3′ EcoRI-primer: CTGAATTCACCGGCACGTGTGCATCTCC),
Chfz-1 (5′ NcoI-primer: TGACCATGGCCGAGCGGCGCGGG; 3′
EcoRI-primer: CTGAATTCTCACACGGTGGTCTCAC), Chfz-7(5′
BsaI-primer: CAGGTCTCCCATGCGGCCCGCGGC; 3′ EcoRI-
primer: TGGAATTCTCATACCGCCGTCTCGC), and the constructs
carrying C-terminal truncated coding regions of Chfz-1 (5′ NcoI-
primer: TGACCATGGCCGAGCGGCGCGGG; 3′ EcoRI-primer:
GCGAATTCTTACCCCGACCAGATCC) and Chfz-7 (5′ BsaI-
primer: CAGGTCTCCCATGCGGCCCGCGGC; 3′ EcoRI-primer:
GCGAATTCTTAGCCAGACCAGATCC) were engineered as
outlined in Logan and Tabin (1998). Transfection and growth of
RCAS viruses were performed as described by Morgan and Fekete
(1996). Concentrated virus with a titer of 1-6×108 pfu/ml was injected
into the posterior half of the right wing bud of HH 21-23 embryos.
This targeted injection resulted in localized infection of the posterior
cartilage elements such as ulna and posterior digits, and a more
widespread infection within the soft tissues, as assayed by expression
of exogenous or viral transcripts (not shown). In most cases, only the
infected cartilage elements showed phenotypes, whereas uninfected
elements served as an internal control and were similar to the elements
of the uninjected contralateral limbs. Injections into the limb field at

day 1.5 (HH 9-10) resulted in an infection of the whole limb, but often
influenced the survival of the infected embryos, for unknown reasons.
However, the early infection did not produce a different or more
pronounced phenotype in the cartilage elements, and therefore all of
the injections were carried out at HH 21-23, allowing for a more
controlled infection of only the posterior region of the wing bud.

Skeletal and histological staining
Whole-mount Alcian Blue staining of cartilage of day 9.5 chick
embryos was done as previously described in Goff and Tabin (1997).
Whole-mount Alcian Blue/Alizarin Red staining of day 9.5 chick
embryos was carried according to McLeod (1980). Weigert-Safranin
O staining of paraffin sections was done according to the protocol
described by Gaffney (1994). 

RESULTS

Expression of Wnts and components of the Wnt-
signaling pathway during chondrogenesis 
To determine if Wnt signaling is involved in regulating
chondrogenesis, we screened a number of Wnt genes and
components of the Wnt signaling pathway to see whether any
were expressed in the chondrogenic regions of the developing
chick limb. We found that three Wnt genes, Wnt-5a, Wnt-5b
and Wnt-4, are expressed in limb cartilage elements. As
previously reported (Dealy et al., 1993; Kawakami et al.,
1999), in situ hybridizations using a Wnt-5a anti-sense
riboprobe to sections of chicken wing buds at different
developmental stages revealed that Wnt-5a is initially
expressed in the distal mesenchyme of early chick limb buds
(data not shown). As the limb bud grows out, Wnt-5a
continues to be expressed in the mesenchyme in a distal to
proximal gradient, but as the skeletal elements start to form,
Wnt-5a expression becomes excluded from the condensing
core mesenchyme (Dealy et al., 1993; Kawakami et al., 1999).
Wnt-5a continues to be expressed in mesenchymal cells
immediately adjacent to the early cartilage elements, however,
as previously noted (Dealy et al., 1993; data not shown). These
cells will eventually contribute to the perichondrium. Wnt-5a
expression in the perichondrium/periosteum is spatially
restricted to the middle region of the cartilage elements
(diaphysis) from HH 30 onwards; its expression does not
extend to the articular region (Fig. 1A). 

The highly related Wnt gene, Wnt-5b, is expressed in the
apical ectodermal ridge (AER) of the early limb bud (Kengaku
et al., 1997; data not shown). On sections, we detected a strong
expression of Wnt-5b at HH 27 in the mesenchyme
surrounding cartilage elements of the wing (data not shown).
From HH 28 onwards, Wnt-5bexpression can be detected in a
subpopulation of chondrocytes in the middle region of the
cartilage elements (data not shown). At HH 29, the
mesenchymal expression of Wnt-5b becomes refined to the
outer cell layer of the perichondrium and the expression in
chondrocytes of the diaphysis is more intense (Fig. 1B). In
contrast to Wnt-5a, Wnt-5bexpression in the perichondrium is
not restricted to the diaphysis; rather Wnt-5b is expressed in
perichondrial cells surrounding the entire cartilage element and
in chondrocytes of the diaphysis (HH 32; Figs 1B, 5D). 

Recently, Wnt-4 has been reported to be expressed in
regions of developing joints in the chick (Kawakami et al.,
1999). In whole-mount in situ hybridizations, Wnt-4
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expression was reported to be first visible at HH 27 in the joint
of the elbow region and from stage 30 onwards in joint regions
of the digits (Kawakami et al., 1999); however, we detect Wnt-
4 expression in joint regions of the digits in section in situ
hybridizations from as early as HH 27 onwards (data not
shown), where Wnt-4is expressed at high levels in populations
of mesenchymal cells flanking the joint regions (Fig. 1C). In
addition, we detect expression of Wnt-4 in the limb bud
ectoderm (data not shown).

We further examined the expression patterns of two
members of the Wnt receptor family, the Fz genes. Both Chfz-
1 and Chfz-7 show dynamic expression patterns in
cartilaginous elements of the wings. At HH 27, Chfz-1 is
expressed at low levels in chondrocytes of the diaphysis but is
excluded from epiphyseal chondrocytes (data not shown).
Chfz-1 is additionally expressed throughout the adjacent
mesenchymal cells. From HH 29 onwards, Chfz-1expression
becomes restricted to cells of the perichondrium surrounding
the cartilage elements and can no longer be detected in the
chondrocytes themselves (Fig. 1D). At stages later than HH 32,
Chfz-1 expression within the perichondrium becomes
upregulated in a region surrounding the zone where flattened
proliferating chondrocytes abut prehypertrophic chondrocytes
(data not shown). At HH 27, the expression pattern of Chfz-7
is similar to Chfz-1 (data not shown); however, Chfz-7 is
expressed in a broader domain than Chfz-1in chondrocytes of
the cartilage elements. This becomes more obvious at HH 28,
when Chfz-7expression can be detected in chondrocytes of the
articular region, which do not express Chfz-1(data not shown).
From HH 29 onwards, Chfz-7expression becomes restricted to
the proliferating chondrocytes in the articular region of the

cartilage element; lower levels of expression can also be
detected in cells of the perichondrium (Fig. 1E).

We further analyzed the expression pattern of several
downstream effector molecules of the Wnt signaling pathway.
β-cateninis expressed at low levels throughout the developing
limb, including the cartilage elements. Interestingly, β-catenin
is expressed at high levels in the cells of the perichondrium, in
more mature prehypertrophic as well as hypertrophic
chondrocytes, and at slightly lower levels in chondrocytes of the
articular region at HH 32 (Fig. 1F). Tcf-4 is expressed in a
domain encompassing prehypertrophic and hypertrophic
chondrocytes from HH 30 onwards (Fig. 1G), overlapping with
the β-catenin expression domain. Another member of the
LEF/TCF-family, Lef-1, is expressed throughout the
perichondrium of the developing cartilage elements at HH 29
(data not shown). From HH 32 onwards, we observed increased
levels of Lef-1 expression in a region of the perichondrium
surrounding those prehypertropic chondrocytes expressing high
levels of Ihh (Fig. 1H and data not shown). The Lef-1expression
pattern at HH 32 resembles the expression of the Wnt receptor,
Chfz-1, in the perichondrium at later stages. In addition, Lef-1
is expressed in chondrocytes of the articular region (Fig. 1H).

Misexpression of Wnt-5a or Wnt-4 results in
shortening of the long bones 
Since we observed that the expression patterns of Wnt-5a, Wnt-
5b and Wnt-4are temporally regulated and spatially restricted
within the differentiating cartilage elements, we next asked
whether these Wnt genes might play a functional role during
chondrogenesis. In the current study we focused our attention
on two of these genes, Wnt-5aand Wnt-4. The role of Wnt-5b
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Fig. 1.Endogenous expression patterns of
Wnt-5a, Wnt-5b, Wnt-4, Chfz-1, Chfz-7,β-
catenin, Tcf-4and Lef-1 in the ulna of a chick
wing at HH 32 (day 7.5 of development).
Radioactive in situ hybridizations on 5 µm
microtome sections. (A,B,C,F,G,H) Alternate
sections of one HH 32 forearm skeletal
elemen; (D,E) alternate sections of another HH
32 forearm skeletal element. (A)Wnt-5ais
expressed in the perichondrium of the
diaphysis. (B)Wnt-5bis expressed in
chondrocytes of the diaphysis and in cells of
the outer layers of the perichondrium
surrounding the skeletal element. (C)Wnt-4 is
expressed in chondroblasts flanking the joint
regions. (D)Chfz-1is expressed in
perichondrial cells surrounding the skeletal
element. (E)Chfz-7is expressed in
chondrocytes at the ends of the skeletal
elements in the articular region and at lower
levers in cells of the perichondrium. (F)β-
cateninis expressed at low levels throughout
the wing and at high levels in cells of the
perichondrium. β-catenin is also expressed in
high levels in chondrocytes of the diaphysis
and to a lesser extent in chondrocytes of the
articular region. (G)Tcf-4 is expressed at low
levels throughout the limb mesenchyme and at
high levels in chondrocytes of the diaphysis. (H) Lef-1 is expressed in cells of the perichondrium surrounding the diaphysis of the skeletal
element and at a higher levels in perichondrial chondroblasts in a region abutting prehypertrophic chondrocytes (arrow). In addition, Lef-1 is
expressed in chondrocytes of the articular region (arrowhead).
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will be addressed in future studies. In order to address the
function of Wnt-5a and Wnt-4 we conducted retroviral
misexpression experiments using replication competent avian
retroviruses (RCAS). Misexpression of either Wnt-5aor Wnt-
4 in the posterior half of HH 21-23 chicken wing buds resulted
in a statistically significant shortening of posterior skeletal
elements of the zeugopod and the autopod in the infected limb
(Fig. 2A,B). The difference in length (Fig. 2G,H) of affected
skeletal elements compared to elements of the contralateral
wing was determined at day 9.5 of development (HH 35-36).
Although individual embryos were affected to varying degrees
(indicated by the error bars in Fig. 2G,H), shortening of the
skeletal elements was observed in 9 out of 10 limbs infected
with the Wnt-5a expressing virus, and in 8 out of 10 limbs
infected with the Wnt-4expressing virus. In limbs infected with
Wnt-5a,shortening of the ulna in the infected limb was first
detectable at day 7 (HH 30-31). In contrast, shortening of the
cartilage elements in limbs infected with Wnt-4 was not
detectable before day 9.5 of development. While a slight
shortening of the humerus was also observed in 50% of the
Wnt-5a infected wings (n=10), no shortening of the humerus
was detected in any of the Wnt-4affected wings (n=8).

Wnt-5a misexpression delays chondrocyte
differentiation
Shortening of the long bones can result from a variety of
different underlying mechanisms, including either a delay
(Vortkamp et al., 1996; Zou et al., 1997; Crowe et al., 1999),
an acceleration of chondrocyte differentiation (Amizuka et al.,
1994; Karaplis et al., 1994; Lanske et al., 1996) or a decrease
in chondrocyte proliferation (St-Jacques et al., 1999; Karp et
al., 2000). In addition, defects in the differentiation of
osteoblasts also result in shortening of cartilage elements
(Ducy et al., 1997; Komori et al., 1997; Otto et al., 1997). We
therefore examined the status of chondrocyte differentiation in
cartilage elements infected with Wnt-5a. From day 7.5 (HH 31-
32) onwards, three morphologically distinct zones of

Fig. 2. (A-F) Shortening of skeletal elements caused by
misexpression of various retroviral constructs visualized by whole-
mount Alcian Blue staining at day 9.5. All wing pairs are orientated
proximal towards the left, distal towards the right. Injected right
wings are on top of the uninjected contralateral control left wing.
(G-M) Blue bars represent the mean length of the infected ulnae, red
bars, the mean length of control injected ulnae (n=21) as a
percentage of the contralateral control element. Values are means ±
s.d. Large deviations in the individual experimental data sets result
from variable levels of infections in the individual embryos, which
result in variable degrees of shortening of the affected cartilage
element. Due to the nature of the injection into the posterior half of
HH 22-23 wing buds, the ulna is always more affected than the
radius. The number of specimens analyzed (n) for each retroviral
misexpression experiment is indicated in the bottom left corner of the
diagrams (G-M). h, humerus; u, ulna; r, radius; II-IV, digits.
(A,G) RCASBP/mWnt-5a infected; (B, H) RCASBP/mWnt-4
infected limbs show minor reduction in the size of posterior skeletal
elements, such as the ulna; (C,I) RCASBP/activated β-catenin
infected limbs show a severe shortening of the ulna. Note the
polydactyly phenotype in the infected limb.
(D,K) RCASBP/Chfz1∆C infected; (E,L) RCASBP/Chfz7∆C
infected; (F,M) RCASBP/Chfz7wt infected. Note that the humeri in
these limbs are severely shortened and bent, and that the radii are
also bent due to the shortening of the infected ulna. 
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chondrocytes can be distinguished in a wild-type cartilage
element of the stylopod or zeugopod. Small, densely packed
proliferating chondrocytes are found at the ends of the cartilage
elements. In an adjacent domain, the chondrocytes are flattened
but are still proliferating. This region is followed by
postmitotic, enlarged hypertrophic chondrocytes. Histological
analysis of cartilage elements infected with Wnt-5a revealed
that there are very few or no hypertrophic chondrocytes present
at HH 32 (data not shown). A day later (HH 34-35), while
maturation of the uninfected cartilage elements in the
contralateral wing has progressed, reflected in the increased
number of hypertrophic cells (Fig. 3A), fewer hypertrophic
chondrocytes can be detected in Wnt-5a infected cartilage
elements (Fig. 3A′). This observation suggests that the
differentiation of hypertrophic chondrocytes is delayed in
limbs infected with a Wnt-5aexpressing virus. 

Next, we examined Wnt-5a infected limbs with molecular
markers to determine the level at which the delay in
chondrocyte maturation occurs. Molecular analysis of cartilage
elements infected with Wnt-5arevealed a delay in the onset of
Col-X expression (a marker for hypertrophic chondrocytes).
Col-X expression is absent at HH stages 31-32 in the infected
ulnae (Fig. 4A′), while normal levels of Col-X expression can

be detected in the uninfected ulnae of the contralateral wings
(Fig. 4A, n=3). A day later in development, at HH 35, a few
cells expressing Col-X are detectable in the Wnt-5a infected
ulna (Fig. 5A′, n=3), while the ulna of the contralateral wings
expresses normal levels (Fig. 5A). 

To determine whether this lag in chondrocyte differentiation
occurs before or after the differentiation of prehypertrophic
chondrocytes, a population of postmitotic chondrocytes with
no distinct morphological appearance, we analyzed the
expression of the two molecular markers for prehypertrophic
chondrocytes, Ihh and PTH/PTHrP-receptor. Ihh is expressed
in Wnt-5ainfected limbs, but the entire Ihh domain (measured
from the distal ends of the Ihh expression domains, and
encompassing the region in between, where Ihh is being
downregulated and Col-X is being activated) is smaller in the
infected ulna (Figs 4B′, 5B′) than in the ulna of the uninfected
limb (Figs 4B, 5B). Nevertheless, the proportion of the entire
Ihh domain relative to the length of the cartilage element is not
altered (proportional size), spanning approximately 50% of the
length of the cartilage element in both uninfected and Wnt-5a
infected wings. Even before chondrocytes express the
hypertrophic marker Col-X, they begin to downregulate Ihh
expression during the normal differentiation process. Whereas
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Fig. 3. (A-D′) Histological analysis on sections of
ulnas infected with various viruses at HH 32 (day
7.5) by Weigert-Safranin O staining: the
chondromucin-rich extracellular matrix of
chondrocytes is stained red, nuclei are stained
black, and mesenchymal cells are stained dark
purple. The osteoid matrix of the bone collar is
stained light purple (see arrowheads in D,D′).
(A) Contralateral uninfected ulna showing the
region of hypertrophic chondrocytes, which with
their enlarged cytoplasm appear white.
(A′) Corresponding Wnt-5ainfected ulna showing
a reduced number of hypertrophic chondrocytes
within the domain demarcated by the white lines.
The double-headed arrow indicates the radial
expansion of the cartilage element compared to
the contralateral element. (B) Contralateral
uninfected ulna and (B′) corresponding Wnt-4
infected ulna showing a slight expansion of the
hypertrophic chondrocyte region (demarcated by
the white lines) but no significant difference in
the diameter of the cartilage element (double-
headed arrow). (C) Contralateral uninfected ulna
and (C′) corresponding activated β-catenin
infected ulna showing an increased diameter of
the bone collar (double-headed arrow).
(D) Contralateral uninfected ulna and (D′)
corresponding Chfz7wt infected ulna showing
absence of hypertrophic chondrocytes, retarded
development of the bone collar (arrowhead), and
a radial expansion of the cartilage element
(double-headed arrow). (E,E′) High magnification
brightfield images of Toluidine Blue-stained
sections of the ulna of the contralateral ulna (E) and Wnt-4injected ulna (E′) showing the increase in thickness of the bone collar (bc). 
(F-G′) Whole-mount Alcian Blue/Alizarin Red stained wing pairs at day 9.5. (F) Contralateral uninjected wing and (F′) corresponding Wnt-4
infected wing, showing the increase in the calcified regions in Wnt-4injected limbs (red). Arrowhead points to calcified nodules of the bone
collar. (G) Contralateral uninjected wing and (G′) corresponding activated β-catenininfected wing, showing a relative increase in the calcified
regions (red) of the ulna and radius. The ends of the ulnae are marked by the dotted lines (in G,G′). Due to the viral spread, the calcified region
of the radius is also slightly advanced, reflected in the more intense Alizarin Red staining, in the infected wings shown here for Wnt-4 (F′) and
the activated β-catenin(G′). All limbs are orientated proximal towards the left, distal towards the right. U, ulna; r, radius.
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differentiated chondrocytes in the diaphysis of the contralateral
ulna show a broad domain where Ihh is downregulated (Figs
4B, 5B), this domain is smaller in the ulna infected with Wnt-
5a (Figs 4B′, 5B′). Since the proportional size of the entire Ihh
domain does not appear to be altered, we interpret the observed
difference in the absolute size of the entire Ihh domain, and in
the domain where Ihh is downregulated, as a consequence of
a delayed maturation of hypertrophic chondrocytes. 

PTH/PTHrP-receptorhas been reported to be expressed in
prehypertrophic cells distal to and partially overlapping with
Ihh expressing cells in the epiphyseal growth plate of a 3-week-
old chicken (Vortkamp et al., 1996). During embryonic stages
of chick development, we observed strong expression of the
PTH/PTHrP-receptor in the innermost layer of the
perichondrium/periosteum flanking the Ihh expression domain
in chondrocytes. In addition, we observed a weaker expression
of PTH/PTHrP-receptorin a subpopulation of chondrocytes.
These chondrocytes correspond to a region of prehypertrophic
chondrocytes that have begun to downregulate Ihh but do
not yet express Col-X. Thus in the embryo, chondrocytes
expressing PTH/PTHrP-receptor, in contrast to those in the
growth plate of a postnatal chicken, are likely to mark a distinct
population of prehypertrophic chondrocytes that are more

mature than Ihh expressing chondrocytes. We therefore
analyzed the expression of PTH/PTHrP-receptorin Wnt-5a
infected limbs to address whether the differentiation of this
more mature population of prehypertrophic chondrocytes
occurs normally in these limbs. The perichondrial expression
of PTH/PTHrP-receptor, flanking the domain of Ihh
expressing chondrocytes, is similar in cartilage elements of
injected (Figs 4C′, 5C′) and contralateral control limbs (Figs
4C, 5C). In contrast, the expression pattern of the PTH/PTHrP-
receptor in chondrocytes is altered by Wnt-5a. At HH 32, while
the chondrogenic PTH/PTHrP-receptorexpression domain is
split into two domains in the contralateral ulna (Fig. 4C), we
see a continuous domain of PTH/PTHrP-receptor expression
in the prehypertrophic chondrocytes in the Wnt-5a infected
ulna (Fig. 4C′). Together, the smaller domain of Ihh expression,
the absence of Col-X positive chondrocytes, and the
observation that the PTH/PTHrP-receptor expression domain
is continuous in Wnt-5ainfected cartilage elements at HH 32,
are all likely to reflect an earlier developmental state. Likewise,
the expression domains of Col-X, Ihh and PTH/PTHrP-
receptor in the Wnt-5a infected limb at HH 35 (Fig. 5A′-C′)
resemble more the differentiation state of an uninfected
cartilage element at HH 32 (see Fig. 4A-C). These results

Fig. 4. Analysis of molecular markers in Wnt-5aand Wnt-4infected ulnae and their corresponding contralateral ulnae at HH 32 (day 7.5) by
radioactive section in situ hybridization. (A-M) Alternate sections of the corresponding contralateral uninfected ulnae showing the endogenous
expression pattern and level of the various molecular markers. (A′-F′) Alternate sections of a Wnt-5ainfected ulna. (A′) No Col-Xexpression in
the Wnt-5a infected ulna. (B′) Smaller Ihh expression domain (note that the central region, where Ihh-expression is downregulated, is also
smaller in the Wnt-5ainfected ulna compared to the endogenous expression pattern in the contralateral ulna). (C′) Expression domain of
PTH/PTHrP-receptoris not split into two domains in the Wnt-5ainfected ulna. (D′-F′) No alterations in the expression pattern or level of the
molecular markers Ptc-2, PTHrPand Lef-1 in Wnt-5ainfected ulna. (G′-M′) Alternate sections of Wnt-4infected ulna. (G′) Shows the
expanded Col-Xexpression domain (indicated by the white bar). (H′) Shows the expanded domain of more mature chondrocytes, which have
downregulated Ihh expression (white bar). To directly compare the expanded domains of Col-Xas well as the domain where Ihh-expression is
downregulated in the Wnt-4infected ulna (white bars), the white bars have been projected into G and H adjacent to orange bars demarcating the
endogenous expression domains. (I′) Expanded expression of PTH/PTHrP-receptorin the periosteum (arrowhead). (K′) Shows increased and
expanded expression of the osteoblast marker osteopontin(Op). (L′) Shows that the periarticular PTHrP-expression is not altered.
(M′) Increased expression of perichondrial/periosteal (arrow) and articular Lef-1expression (arrowhead). 
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support the model that Wnt-5a blocks or delays chondrocyte
differentiation prior to the hypertrophic stage. 

As shown in Fig. 1B, Wnt-5b is also expressed in a
subpopulation of prehypertrophic chondrocytes, overlapping
with the expression of PTH/PTHrP-receptor(see Fig. 5C,D).
In contrast to the relatively minor changes in the PTH/PTHrP-
receptorexpression following Wnt-5amisexpression, however,
we observed that Wnt-5b expression in chondrocytes is
upregulated and expanded in Wnt-5ainfected limbs (Fig. 5D′).
This could imply that Wnt-5bexpressing cells reflect a distinct
population of prehypertrophic cells prior to the Wnt-5a induced
block in maturation, which are less differentiated than Col-X
expressing cells but slightly more differentiated than
PTH/PTHrP-receptorexpressing cells. Alternatively, Wnt-5b
could be specifically upregulated in response to Wnt-5a
signaling. Since the perichondrial expression of Wnt-5bis also
expanded in Wnt-5ainfected limbs, we favor the latter model. 

Ihh protein produced by prehypertrophic chondrocytes has
been shown to be involved in negatively regulating the
progression of cells from proliferating to postmitotic
prehypertrophic chondrocytes (Vortkamp et al., 1996). In our
analysis of Ihh expression we detected no significant difference
in the level of Ihh expression in cartilage elements infected
with Wnt-5aexpressing virus (Figs 4B′, 5B′, n=6), but slight
alterations in the expression level of Ihh might be difficult to
detect using radioactive in situ hybridizations on sections. We
therefore asked whether the expression of Ihh target genes was
altered in the injected limbs. Ihh has been shown to regulate
the expression of its receptor Ptc-1 and PTHrP in chick
(Vortkamp et al., 1996) and mouse (St-Jacques et al., 1999). In
most vertebrates, two hedgehog-receptors, Ptc-1 and Ptc-2,
have been isolated (Goodrich et al., 1996; Hahn et al., 1996;
Johnson et al., 1996; Marigo et al., 1996; Carpenter et al., 1998;
Motoyama et al., 1998; Lewis et al., 1999; Smyth et al., 1999;
Zaphiropoulos et al., 1999). Likewise, we have identified a
second Patchedgene in chick (Ptc-2), which is expressed at
very high levels and is strongly upregulated by Shh and Ihh (K.
J. Vogan, R. V. Pearse II and C. J. T., unpublished). While Ptc-
2 is not expressed in developing long bones of the mouse (St-
Jacques et al., 1999), Ptc-2 in the chick displays an expression
pattern similar to Ptc-1 but is expressed at a higher level in
response to hedgehog signaling than Ptc-1. We therefore chose
to analyze the expression of Ptc-2as a sensitive readout for Ihh
signaling in Wnt-5ainfected limbs. We detected no differences
in Ptc-2 expression in ulnae infected with Wnt-5a(Fig. 4D′)
and the corresponding contralateral ulnae (Fig. 4D). In
addition, expression of PTHrP in the periarticular region
appears normal (Fig. 4E′,E). Therefore, Wnt-5amisexpression
does not appear to interfere with the Ihh/PTHrP regulatory
loop, which is involved in controlling the progression from the
proliferating to the prehypertrophic fate. Instead, our results
indicate that Wnt-5a signaling from the perichondrium
negatively regulates the progression of chondrocytes from the
prehypertrophic to the hypertrophic cell fate independent of the
Ihh/PTHrP loop, and that this event is associated with an
upregulation of Wnt-5bexpression in prehypertrophic cells. 

Wnt-4 misexpression accelerates chondrocyte
maturation and bone collar formation
Misexpression of Wnt-5aand Wnt-4both result in a shortening
of the long bones as assayed by whole-mount Alcian Blue

staining. We next asked whether Wnt-4 misexpression, like
Wnt-5a, causes a delay in chondrogenesis. Surprisingly,
histological analysis of Wnt-4 infected limbs revealed a
different phenotype from limbs infected with Wnt-5a.
Specifically, cartilage elements of limbs infected with Wnt-4
show a slightly expanded zone of hypertrophic chondrocytes
compared to the contralateral wing (Fig. 3B,B′). In addition,
the osteoid layer of the bone collar is thicker compared to the
bone collar of the contralateral wing (Fig. 3E,E′), suggesting
that, in contrast to Wnt-5a, Wnt-4 signaling is accelerating
chondrogenesis. The expansion of the zone of hypertrophic
chondrocytes is very subtle and difficult to demarcate on
sections, where slight variations in the plane of sectioning can
affect the precise size of this zone. To verify this conclusion,
we examined the state of mineralization in infected cartilage
elements in whole-mount preparations. As hypertrophic
chondrocytes begin to degenerate, they resorb their
surrounding matrix. This process is associated with the
deposition of calcium, resulting in a mineralization of the
cartilage, and takes place prior to the invasion of blood vessels,
osteoblasts and osteoclasts and the replacement of
hypertrophic chondrocytes by trabecular bone (Poole, 1991).
We therefore stained Wnt-4 infected embryos at day 9.5 using
Alcian Blue/Alizarin Red, which highlights the unmineralized
(Alcian Blue) and the mineralized regions (Alizarin Red) of the
cartilage. We than compared the mineralized regions between
Wnt-4injected right wings and their corresponding uninjected
left wings. Although extents varied, the calcified region within
ulnae elements was expanded by 11-27% in 90% of the Wnt-
4 infected limbs (n=10; Fig. 3F). The Alizarin Red stained
region encompasses the calcified cartilage region as well as the
calcified regions within the bone collar, the latter of which
display a nodular like appearance. In Wnt-4infected limbs, we
observe more nodules (arrowhead in Fig. 3F′), supporting the
idea that Wnt-4 misexpression also affects maturation of the
bone collar. 

The histological analysis suggested that chondrogenesis is
advanced in Wnt-4 infected limbs, but did not allow us to
determine which step of chondrocyte differentiation was
accelerated. We therefore analyzed Wnt-4 infected cartilage
elements at HH 31-32 (n=3) and HH 34-35 (n=3) by section
in situ hybridization using various molecular differentiation
markers. This molecular analysis revealed an expanded
expression domain of the hypertrophic marker Col-X in Wnt-4
infected ulnae (Figs 4G′, 5H′). In addition, the region
where Ihh is downregulated, encompassing more mature
prehypertrophic and hypertrophic chondrocytes, is expanded in
Wnt-4infected ulnae (Figs 4H′, 5I′), indicating an acceleration
of chondrocyte maturation. The expression level and pattern of
PTH/PTHrP-receptor, which is expressed in more mature
prehypertrophic chondrocytes, was generally unaffected in
Wnt-4 infected ulnae (Figs 4I′, 5K′), except that the two
expression domains are slightly further apart from each other
in Wnt-4infected ulnae. This observation is consistent with the
observed expansions of the Col-X domain and of the region
where Ihh is downregulated in Wnt-4 infected limbs. 

In the periosteum surrounding the region of prehypertrophic
and hypertrophic chondrocytes, we detected a broadened and
longitudinally expanded expression domain of PTH/PTHrP-
receptor(arrowheads and bars, respectively in Figs 4I′, 5K′).
PTH/PTHrP-receptor has been reported to be expressed in
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immature osteoblasts in the mouse and rat (Lee et al., 1995).
The radially and longitudinally expanded expression of
PTH/PTHrP-receptoris probably due to the presence of more
immature osteoblasts, reflecting the advanced developmental
state of the bone collar, which is histologically visible (Fig.
3E′). To confirm this result, we analyzed the expression of two
other osteoblast markers, bone sialoprotein IIand osteopontin.
Bone sialoprotein IIis also a marker for immature osteoblasts,
while osteopontinis expressed in more mature osteoblasts (for
review see Gerstenfeld and Shapiro, 1996). As expected, we
observed an expansion in the expression of bone sialoprotein
II (data not shown) and osteopontinin Wnt-4 infected ulnae
(shown at HH 32; Fig. 4K′) in comparison to the uninfected
contralateral wings (Fig. 4K). The expansion in the periosteal
expression of the various osteoblast markers together with the

morphologically detectable increase in the osteoid layer
support the hypothesis that Wnt-4 signaling positively
regulates periosteum differentiation.

Wnt-4 misexpression affects the expression of the
transcription factor Lef-1
Lef-1, one of the transcriptional downstream effector genes of
the Wnt signaling pathway, is expressed in the perichondrium
(Fig. 1H). When we analyzed Lef-1 expression in Wnt-4
infected limbs, we detected an increase in Lef-1 expression
throughout the periosteum and perichondrium (Figs 4M′, 5M′)
relative to contralateral limbs (Figs 4M, 5M). In addition, Lef-
1 expression is upregulated in the articular chondrocytes
(arrowheads in Figs 4M′, 5M′). These data suggest that Lef-1
itself could be a target of a Wnt-4stimulated signaling pathway.

Fig. 5.Analysis of molecular markers in Wnt-5aand Wnt-4 infected ulnae in comparison to the wild-type pattern in the corresponding
contralateral ulnae at HH 35 (day 8.5) by radioactive section in situ hybridization. (A-O) Alternate sections of the corresponding contralateral
uninfected ulnae showing the endogenous expression pattern and level of the various molecular markers. (A′-G′) Alternate sections of a Wnt-5a
infected ulna. (A′) Fewer cells express the hypertrophic marker Col-X. (B′) Smaller Ihh expression domain. Note that the central region, where
Ihh-expression is downregulated, is also smaller in the Wnt-5ainfected ulna compared to the endogenous expression pattern in the contralateral
ulna. (C′) The two PTH/PTHrP-receptorexpression domains marking a subpopulation of more mature hypertrophic chondrocytes are closer
together compared to the contralateral ulna. (D′) Upregulation of Wnt-5bexpression in prehypertrophic chondrocytes and in chondrocytes of
the articular region. Note the continuous expression domain in the Wnt-5ainfected limb compared to the two separated expression domains in
the contralateral control ulna (see D). In addition, we see a slight expansion of the perichondrial Wnt-5bexpression (arrowhead). (E′) Lef-1
expression is not altered. (F′) The expression domain of Tcf-4 is smaller, due to a delay in differentiation of more mature chondrocytes.
(G′) The expression of the osteoblast marker BspII is slightly reduced in Wnt-5ainfected limbs due to a delay in the differentiation of the
periosteum. (H′-O′) Alternate sections of a Wnt-4infected ulna: (H′) Expanded Col-Xexpression domain (white bar). (I′) Expanded domain of
more mature chondrocytes, which have downregulated Ihh expression (white bar). For direct comparison of the expansion of the endogenous
Col-Xdomain and the domain where Ihh-expression is downregulated, the white bars representing the expansion of the corresponding domains
in the Wnt-4infected ulna have been projected into H and I adjacent to orange bars demarcating the wild-type expression domains.
(K′) Radially (arrowhead) and longitudinally (white bars) expanded expression of PTH/PTHrP-receptorin the periosteum. For direct
comparison of the longitudinal expansion of the periosteal PTH/PTHrP-receptorexpression, the white bars have been projected into K adjacent
to the orange bars demarcating normal expansion in the uninjected limb. (L′) Ptc-2expression is not altered in the Wnt-4infected ulna.
(M′) Increased expression of the perichondrial/periosteal (arrow) and articular expression of Lef-1(arrowhead). (N′) Tcf-4expression is not
altered in Wnt-4infected limbs. (O′) Perichondrial Wnt-5aexpression is not altered in Wnt-4infected limbs.
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Similarly, experiments by Kengaku et al., (1998) have shown
that Lef-1 expression in the early limb bud is upregulated in
response Wnt-3a signaling. Wnt-5a misexpression, however,
had no effect on Lef-1 expression in the perichondrium or
chondrocytes (Figs 4F′, 5E′). Moreover, the expression of the
related gene, Tcf-4, was not altered in either Wnt-4or Wnt-5a
infected limbs (Fig. 5F′,N′). The restricted upregulation of Lef-
1 expression in perichondrial/periosteal cells and in
chondrocytes of the articular region suggests that only these
cells may be competent to respond to Wnt-4 signaling. We
cannot, however, rule out the possibility that cells do respond
to Wnt-4 signaling without upregulating Lef-1 expression.

To rule out the possibility that the increased Lef-1expression
in Wnt-4 infected limbs is due to a general expansion of the
perichondrium/periosteum, we analyzed the expression of
other perichondrial markers such as Bmp-4, Ptc-2 and Wnt-5a.
The expression of Bmp-4 (data not shown) and Ptc-2 (Fig. 5L′)
are not altered in Wnt-4 infected limbs. Since both genes have
been shown to be regulated by Ihh (Pathi et al., 1999 and data
not shown), these findings further suggest that Ihh signaling is
not affected in Wnt-4 infected limbs. The expression of Wnt-
5a in the perichondrium is also not affected in Wnt-4 infected
limbs (Fig. 5O′), ruling out the possibility that Wnt-4 acts
positively on chondrocyte maturation through downregulating
the negatively acting Wnt-5a signal.

We further analyzed the expression of the Ihh responsive
gene PTHrP. Downregulation of the PTHrP signal in the
articular region would result in an acceleration of chondrocyte
differentiation, based on the phenotype of PTHrP loss-of-
function mutants (Amizuka et al., 1994; Karaplis et al., 1994;
Lanske et al., 1996); however, PTHrP expression in the
periarticular region appeared normal in Wnt-4 infected
elements (Fig. 4L′). This result rules out the possibility that
Wnt-4 signaling affects chondrocyte differentiation by
downregulating PTHrP in the periarticular region. Instead, our
results suggest that Wnt-4 signaling positively regulates
maturation of the perichondrium/periosteum and chondrocytes,
independently of Ihh/PTHrP-mediated signals. 

Misexpression of stabilized β-catenin accelerates
chondrocyte maturation
To investigate whether either the Wnt-5a triggered delay in
chondrogenesis or the Wnt-4 stimulated acceleration of
chondrocyte maturation is transduced by a β-catenin-mediated
pathway, we performed RCAS mediated misexpression of a
stabilized mutant form of β-catenin in the posterior half of HH
21-23 chicken limb buds. This amino-terminal deleted, mutant
form of β-catenin acts as a constitutively activated intracellular
signal, simulating Wnt signaling (Funayama et al., 1995; Yost
et al., 1996; Morin et al., 1997; Rubinfeld et al., 1997; Kengaku
et al., 1998). As with the Wnt-5a and Wnt-4 viruses, limbs
infected with the activated β-cateninvirus show shortening of
the cartilage elements (Fig. 2C,I), although the degree of
shortening was markedly greater than following misexpression
of either Wnt-5a or Wnt-4. In addition, these limbs show an
increase in muscle mass, ectopic ectodermal outgrowth and,
often, polydactyly. The ectopic ectodermal outgrowth and the
polydactyly of the infected limb are likely to be due to activation
and maintenance of ectopic Fgf-8 expression together with
disruptions in Fgf-8expression within the normal AER, both of
which have been shown to occur following misexpression of

activated β-catenin (Kengaku et al., 1998). In principle, the
shortening of the cartilage elements could be a secondary effect
due to mechanical constraints caused by the overproliferation
of the muscle fibers. However, histological examination
revealed a phenotype similar to Wnt-4 infected limbs: the zone
of hypertrophic chondrocytes in cartilage elements infected
with the activated β-cateninvirus is expanded in relation to the
total length of the cartilage element (Fig. 3C′ and data not
shown), suggesting an accelerated maturation of chondrocytes,
and the osteoid layer of the bone collar is also thickened (see
Fig. 3C,C′). The accelerated maturation of chondrocytes was
also confirmed by Alcian Blue/Alizarin Red staining, which
showed an expanded and more intense mineralized region in the
infected ulna (Fig. 3G′; n=3).

A molecular analysis of the infected cartilage elements
revealed an increase in expression of the hypertrophic marker
Col-X at HH 31 and 35 in comparison to Col-X expression in
the contralateral uninfected limb (Fig. 6 and data not shown).
In addition, the Col-X expression domain was expanded in
infected limbs. Misexpression of activated β-cateninalso led
to an upregulation of Lef-1 expression throughout the
mesenchyme surrounding the cartilage elements (Fig. 6B′);
however, we did not detect ectopic Lef-1 expression in
chondrocytes of the infected cartilage elements, with the
exception of articular chondrocytes, where we observed an
expansion of the Lef-1 expression domain (Fig. 6B′, double-
headed arrow). 

Similar to Wnt-4 misexpressing limbs, we observed an
upregulated and expanded expression of PTHrP-receptorand
bone sialoprotein IIin the periosteum of limbs infected with
the activated β-cateninexpressing virus, reflecting an advanced
differentiation of the periosteum (Fig. 6E′,F′ and data not
shown), but misexpression of activated β-catenindid not affect
the perichondrial expression of Wnt-5a, Wnt-5bor Ptc-2 (data
not shown and Fig. 6D′). The expression of PTHrP in the
periarticular region was also not affected (data not shown).
Furthermore, we did not detect any change in the expression
levels of Ihh, Wnt-5b and Tcf-4 in prehypertrophic and
prehypertrophic/hypertrophic chondrocytes, respectively (Fig.
6C′ and data not shown).

The histological and molecular phenotypes observed in
limbs with Wnt-4 or activated β-catenin are very similar,
suggesting that the Wnt-4 signal could be mediated by β-
catenin. Nevertheless, the phenotypic effects are much stronger
in the case of viral infections using the activated β-catenin.
This could be explained by a difference in competence of the
responding cells: in order to transduce a Wnt-4 signal the
responding cells have to express the relevant receptor, while
almost all cells that virally express the activated β-cateninvirus
will express the stabilized form of β-catenin and should
therefore be capable of activating target gene transcription as
long as they express a member of the TCF/LEF family. 

Misexpression of putative dominant-negative
Frizzleds delay chondrogenesis
Having shown that ectopic expression of either Wnt-4 or an
activated form of β-catenin is capable of accelerating the
maturation of cartilage elements, we wanted to investigate
whether an endogenous β-catenin-mediated Wnt signaling
pathway is involved in positively regulating chondrogenesis.
The two Frizzledgenes, Chfz-1and Chfz-7, both belong to the
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class of Wnt-receptors that can act through the β-catenin/TCF-
LEF mediated pathway (Sheldahl et al., 1999). Since both
genes are expressed in the chondrogenic regions, which have
been shown to be affected by misexpression of either Wnt-4 or
activated β-catenin, they are likely candidates to be involved
in the Wnt-4 signal transduction. In order to test this
hypothesis, we constructed potential dominant-negative forms
of the two Frizzled proteins by deleting their intracellular
carboxy-terminal domains of 24 amino acids, based on the
report that a similar C-terminally truncated Frizzled protein
acts as a dominant-negative molecule in zebrafish (Nasevicius
et al., 1998). 

Retroviral misexpression of either the C-terminally
truncated version of Chfz-1(Chfz1∆C) or Chfz-7(Chfz7∆C) in
the posterior half of HH 21-23 wing buds resulted in shortening
of the posterior cartilage elements in the infected wings at HH
35-36 (Fig. 2D,E). Although individual embryos were affected
to varying extents (indicated by the error bars in Fig. 2K,L),
shortening of skeletal elements was observed in >90% of limbs
infected with either Chfz1∆C (n=12) or Chfz7∆C (n=13). In
both cases, shortening of Alcian Blue stained cartilage
elements was already detectable at day 7 of development (HH
30). We also misexpressed the full-length Chfz-1 and Chfz-7
proteins using the retrovirus system. Retroviral misexpression
of either a full-length protein of Chfz-1 (Chfz1wt) or Chfz-7
(Chfz7wt) also resulted in shortening of the posterior cartilage
elements in the infected wings (shown for Chfz7wt in Fig.
2F,M). Similar to Chfz1∆C or Chfz7∆C misexpression,
shortening of Alcian Blue stained cartilage elements was
already detectable at day 7 of development (HH 30).

Histological analysis of wings infected with a virus
expressing either the potential dominant-negative Chfz1∆C or
Chfz7∆C proteins or wild-type proteins of Chfz-1 or Chfz-7
revealed that shortening of the cartilage elements is, in all
cases, likely to be due to a delay or block in chondrocyte
maturation. Chondrocytes in the diaphysis are less organized
and no hypertrophic chondrocytes can be detected in limbs
infected with viruses expressing the various Frizzled constructs
(Fig. 3D,D′ and data not shown). In order to address whether
chondrocyte maturation was delayed or blocked, we examined
infected limbs histologically at various developmental stages
(days 7, 8.5 and 11). Even as late as day 11 of development,
we could not detect hypertrophic chondrocytes in heavily
infected limbs (data not shown). Nevertheless, even in the
absence of hypertrophic chondrocytes, we did detect the
formation of a bone collar in the central region of the affected
cartilage element (Fig. 3D′ and data not shown). However, the
onset of bone collar formation and its maturation were
developmentally delayed in limbs infected with the various
Frizzled viruses (Fig. 3D′ and data not shown). The histological
analysis suggests that the different Frizzled viruses might all
have dominant-negative effects. This conclusion is consistent
with the finding that in Drosophilaoverexpression of Dfrizzled
can disrupt intracellular signaling (Tomlinson et al., 1997;
Zhang and Carthew, 1998; Tomlinson and Struhl, 1999).

In order to test this assumption further, we analyzed cartilage
elements of wings infected with the different Frizzledviruses
at HH 32 and 35 using a variety of molecular markers. No
significant differences were observed at the level of the
molecular markers when we compared limbs infected with the
different Frizzled viruses with each other (n≥3 for each

retroviral construct at HH 32 and 35). These findings support
our interpretation that all four Frizzled viruses have a
dominant-negative effect. We will therefore refer to all of them
here as dominant-negative effective Frizzled viruses (DNFz).
Consistent with the histological observations (absence of
hypertrophic cells) we could not detect the expression of Col-
X in DNFz infected cartilage elements at HH stages 32 (day
7.5; Fig. 7F′ and data not shown) and 35 (day 8.5, see Fig. 7M′
and data not shown). Expression of Ihh, a marker for early
prehypertrophic chondrocytes, was also downregulated in
cartilage elements infected with DNFz (Fig. 7A′,G′ and data
not shown). In addition to the reduced level of Ihh expression,
we observed that the entire Ihh domain was smaller in relation
to the length of the cartilage element (25-28% of the length of
the cartilage element in the infected wings versus 50% in the
uninfected contralateral wings). Since the Ihh domain normally
extents over 50% of the length of a cartilage element even as
early as HH 26, the observation of the severely reduced size of
the Ihh domain in DNFz infected cartilage elements suggests
that misexpression of DNFz viruses delays chondrocyte
maturation at the transition from proliferating to postmitotic,
prehypertrophic chondrocytes, resulting in fewer cells
expressing the prehypertrophic marker Ihh. 

The expression of PTH/PTHrP-receptor, a marker for more
mature prehypertrophic chondrocytes, is absent or severely
reduced in cartilage elements infected with DNFz-virus (Fig.
7D′,K′ and data not shown). PTH/PTHrP-receptor is also
expressed in the perichondrium. As in wild-type limbs, the
expression of the PTH/PTHrP-receptorin the perichondrium
of DNFz infected limbs is restricted to the region adjacent to
Ihh expressing chondrocytes at HH 32 (data not shown) and 35
(Fig. 7K′ and data not shown). Although the perichondrial
expression domain of PTH/PTHrP-receptor is significantly
smaller in DNFz infected limbs, we did not detect an obvious
difference in the level of PTH/PTHrP-receptorexpression as
long as significant Ihh expression was detectable. However, in
heavily infected limbs at HH 30, where we detect only very
low levels of Ihh expression (Fig. 7A′ and data not shown), we
did not detect any expression of PTH/PTHrP-receptor(Fig.
7D′ and data not shown). Since PTH/PTHrP-receptor is
expressed in immature osteoblasts, this observation is likely to
reflect a delay in the differentiation of osteoblasts.

We also analyzed the expression of two Ihh-dependent genes
(Ptc-2 and Bmp-4) in cartilage elements infected with DNFz-
viruses to assess the consequences of the decreased Ihh
expression observed in these limbs. The perichondrial
expression of both Ptc-2and Bmp-4was dramatically reduced
in limbs at HH 30 and HH 35 (Fig. 7B′,C′,H′ and data not
shown). The expression of Ptc-2 in chondrocytes of the
articular region was also weaker (Fig. 7H′ and data not shown)
than in the contralateral ulna (Fig. 7H). These results suggest
that Ihh signaling is significantly reduced in cartilage elements
infected with DNFz-viruses. However, when we analyzed the
expression of PTHrP, which has been shown to be dependent
on Ihh signaling (Lanske et al., 1996; Vortkamp et al., 1996;
St-Jacques et al., 1999) as well as BMP signaling (Zou et al.,
1997), we did not detect any significant difference in the
periarticular expression of PTHrP between DNFz injected
(Fig. 7E′ and data not shown) and uninjected control wings
(Fig. 7E). The analysis of the Ihh knockout mouse clearly
demonstrates that Ihh is required for PTHrP expression (St-
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Jacques et al., 1999); however, the observation that PTHrP
expression is not affected in limbs showing a significant
downregulation in Ihh expression and signaling suggests that
low levels of Ihh signaling might be sufficient for maintaining
periarticular PTHrP expression, nevertheless. 

We also analyzed the effect of DNFz misexpression on the
expression of Lef-1, which is likely to be a target gene of a
Wnt-4 activated, β-catenin-mediated pathway. Expression of
Lef-1 was still detectable in DNFz infected limbs; however, the

perichondrial Lef-1 expression domain was smaller and was
restricted to perichondrial cells surrounding the Ihh expression
domain (Fig. 7I′ and data not shown). In the articular region,
the level of Lef-1 expression is almost indistinguishable from
the background signal in limbs infected with DNFzexpressing
virus (Fig. 7I′ and data not shown). Similarly, we detected no
Tcf-4 expression in heavily infected cartilage elements (Fig.
7L′ and data not shown), consistent with the absence of more
mature prehypertrophic and hypertrophic chondrocytes.

These experiments show that the Frizzled viruses act in a
manner opposite to the activated β-catenin virus, delaying
maturation of the chondrocytes. This observation is consistent
with the hypothesis that the Frizzledconstructs all function as
dominant-negative effectors, implying that an endogenous Wnt
pathway operates within the embryo as a positive regulator of
chondrocyte maturation. 

DISCUSSION

Wnt-4, Wnt-5a and Wnt-5b, as well as various components of
the Wnt signaling pathway, show very localized expression
patterns in differentiating perichondrium and in chondrocytes,
suggesting that their expression has to be tightly regulated in
order to coordinate differentiation of chondrogenic elements.
The fact that their developmental expression patterns are
complex and dynamic implies that they could be involved
in controlling various differentiation steps during
chondrogenesis. Our misexpression experiments using
replication-competent retroviruses have shown that two
different Wnt signaling pathways regulate differentiation of
chondrocytes independently of the recently described cascade
involving Ihh, BMPs and PTHrP (Lanske et al., 1996;
Vortkamp et al., 1996; Zou et al., 1997). Other recent studies
have implicated Wnt molecules in the negative control of
chondrocyte differentiation (Zakany and Duboule, 1993;
Rudnicki and Brown, 1997; Kawakami et al., 1999). Here we
present evidence that a β-catenin-mediated Wnt signal
accelerates the maturation process of chondrocytes and
periosteum, while a β-catenin independent Wnt-signaling
pathway delays chondrogenesis. 

Wnt-5a negatively regulates the maturation of
prehypertrophic chondrocytes 
Cartilage elements in which Wnt-5ais misexpressed are smaller
in size and show histologically and molecularly a delay in the
maturation of hypertrophic chondrocytes. Earlier stages of
chondrocyte differentiation do not seem to be affected, since
injected and uninjected limbs display normal expression levels
of the prehypertrophic markers Ihh and PTH/PTHrP-receptor.
Wnt-5amisexpression did not affect the periarticular expression
of PTHrP, suggesting that the phenotype is not due to a
disturbance of the Ihh-PTHrP feedback loop. In contrast, Wnt-
5a infected ulnae show an upregulation of Wnt-5bexpression
in prehypertrophic chondrocytes and in the surrounding
perichondrium. Comparison of Wnt-5b expression with
PTH/PTHrP-receptor expression on adjacent sections
suggested that both genes are expressed in the same population
of prehypertrophic chondrocytes. Since we do not detect an
alteration in the expression level of the PTH/PTHrP-receptor
or any other morphological or molecular indication that the size
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Fig. 6.Analysis of molecular markers in activated β-catenininfected
ulnae and their corresponding contralateral ulnae at HH 32 (A-E′)
and at HH 35 (F-F′) by radioactive section in situ hybridization.
(A-F) Endogenous expression patterns and levels of the molecular
markers Col-X, Lef-1, Ihh, Ptc-2and PTH/PTHrP-receptor in the
uninfected control ulna. (A′) Increased and expanded expression of
Col-X in the infected ulna. (B′) Ectopic expression of Lef-1 in soft
tissue of the infected ulna, upregulation of Lef-1expression in the
perichondrium (arrowhead), and expansions of the articular
expression domain (double-headed arrow). (C′) Unaffected
expression of Ihh. (D′) Unaffected expression of Ptc-2.
(E′,F′) Increased and expanded expression of PTH/PTHrP-receptor
in the periosteum (arrowheads).
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of this subpopulation of prehypertrophic chondrocytes is
increased, the observation that Wnt-5b is upregulated implies
that Wnt-5b itself could be a target of Wnt-5a signaling. We
therefore propose that, in the wild-type limb, Wnt-5a signaling
from the perichondrium negatively controls the progression
from prehypertrophic to hypertrophic chondrocytes, and that
this negative signal might be mediated through Wnt-5b. The
Wnt-5b level in the prehypertrophic chondrocytes could serve
as a secondary signal to adjacent, less mature prehypertrophic
chondrocytes, thereby controlling their maturation along with
Wnt-5a. Whether Wnt-5b is indeed involved in modulating
chondrocyte differentiation at the prehypertrophic/hypertrophic
checkpoint and/or is playing additional roles at other stages of
chondrogenesis will be the subject of future studies.

Interestingly, Delta/Notch signaling has been proposed to be
involved in regulating this checkpoint as well (Crowe et al.,
1999). Specifically, misexpression of Delta-1 causes a block in
chondrocyte maturation at the level of the progression of
prehypertrophic to hypertrophic chondrocytes, but does not
affect earlier steps in the differentiation process (Crowe et al.,
1999). This resembles what we observe in Wnt-5a infected

limbs, where the maturation process of hypertrophic
chondrocytes is delayed. Wnt/Fz signaling and Notch signaling
have been shown to intersect during various developmental
processes, including differentiation of the wing margin in
Drosophila (Hing et al., 1994), ommatidial polarity in the
Drosophilaeye (Cooper and Bray, 1999; Fanto and Mlodzik,
1999; Tomlinson and Struhl, 1999) and formation of the AER
in the chick limb (Kengaku et al., 1998). In each of these cases,
it has been suggested that the Wnt/Fz signaling pathway is
acting upstream of the Notch pathway. Recent data have shown
that Wnt and Notch signaling can interact in multiple ways
(Axelrod et al., 1996; Wesley, 1999). In the light of these
results, it tempting to speculate that Delta/Notch signaling may
be modified by the perichondrial Wnt-5a signal, either directly
or indirectly through Wnt-5b signaling. 

Recent experiments by Long and Linsenmayer (1998) have
shown that the perichondrium flanking the diaphysis of the
cartilage element is involved in negatively regulating the
maturation of hypertrophic chondrocytes. Wnt-5a, which is
expressed in the perichondrium/periosteum and has been
shown to delay maturation of the hypertrophic chondrocytes

Fig. 7. Analysis of molecular markers in DNFz-infected ulnae and their corresponding contralateral ulnae at HH 30 (A-E′), at HH 32 (F-F′),
and at HH 35 (G-M′) by radioactive section in situ hybridization. These particular examples were infected with the Chfz7wt virus.
(A-M) Endogenous expression of the various molecular markers in the contralateral uninjected ulnae. (A′) Severely downregulated Ihh
expression in the infected ulna, while the uninfected radius expresses normal levels of Ihh (arrowhead). (B’) Reduced Ptc-2expression.
(C′) Reduced Bmp-4expression in the perichondrium of the diaphysis (arrowhead). (D′) Absence of PTH/PTHrP-receptorexpression in the
perichondrium (arrowhead). (E′) Normal PTHrPexpresssion in the periarticular region. (F’) Absence of Col-Xexpression. (G′) Reduction in
both the size of the Ihh domain and in the expression levels. (H′) Reduced Ptc-2expression in articular chondrocytes. (I′) Reduced expression
of Lef-1 in the articular chondrocytes (asterisk) compared to the normal expression in the unaffected radius (arrowhead). (K′) Absence of
PTH/PTHrP-receptorin prehypertrophic chondrocytes and a reduced expression domain in the periosteum. (L′) Absence of Tcf-4expression.
(M′) Absence of Col-Xexpression.
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(this study and Kawakami et al., 1999), could be one of the
factors involved in this regulatory role of the perichondrium.
Experiments by Lanske et al., (1996) and Vortkamp et al.,
(1996) have shown that the periarticular expression of PTHrP
is also involved in a negative regulation of chondrocyte
regulation. They have shown that a negative feedback loop
between Ihh and PTHrP regulates the progression of
chondrocytes from the proliferative to the prehypertrophic state
(Fig. 8). Since Wnt-5amisexpression does not influence the
Ihh/PTHrP loop and seems to control a different checkpoint in
the chondrocyte maturation process, we propose that Wnt-5a
secreted by the perichondrium acts as a negative regulator,
independent of the PTHrP-signal (Fig. 8). Significantly, the
Wnt-5a signaling pathway in the cartilage does not appear to
be mediated by β-catenin, since misexpressing a stabilized
form of β-catenin results in a phenotype which is opposite to
that produced by Wnt-5a. Wnt-5a has been shown to signal
through a G-protein-linked phosphatidylinositol pathway in
zebrafish (Slusarski et al., 1997), suggesting that this might be
the pathway involved in negatively regulating the maturation
of hypertrophic chondrocytes by the perichondrial Wnt-5a
signal. 

Wnt-4 triggers a β-catenin-mediated pathway that
positively regulates chondrogenesis
Retroviral misexpression of Wnt-4or an activated form of β-
catenin both result in an acceleration of chondrocyte
maturation. The phenotypic consequences are more
pronounced in the case of activated β-cateninmisexpression
than misexpressing Wnt-4. Specifically, misexpression of
stabilized β-cateninresults in a more dramatic shortening of
the infected cartilage element and in premature expression of
Col-X, while Wnt-4 misexpression results in a more subtle
phenotype, including less dramatic effects on the length of the
infected cartilage element, a slight expansion of the Col-X
expression domain, as well as an expansion of the domain in
which Ihh is downregulated. As a result, these limbs show an
increased mineralization of the diaphysis, as assessed by
whole-mount Alizarin Red staining. The difference in the
strength of the phenotypic consequences could be explained as
following: in one case, where we misexpress the ligand, not all
cells might express the relevant receptor or some other
downstream components necessary to transduce the signal,
whereas in the other case, we misexpress the activated form of
a factor at the end of the signal transduction pathway, which
can potentially activate the signaling pathway in every cell
expressing the relevant transcriptional cofactor(s). 

In both cases, we detected an upregulation of Lef-1
expression in cells of the perichondrium and in articular
chondrocytes, suggesting that Lef-1could be a direct target of
Wnt-4 and activated β-catenin signaling. Nevertheless, it is
surprising that the responding region is so restricted, especially
in the case of the ectopic misexpression of the stabilized form
of β-catenin. While we see upregulation of Lef-1 in infected
muscle cells, we do not detect any ectopic expression of Lef-1
in more mature chondrocytes. Since there is endogenous Lef-
1 expression in muscle cells (see Fig. 1H), but none in more
mature chondrocytes, it is likely that Lef-1 itself is required for
the observed upregulation in response to activated β-catenin
misexpression. Similarly, Kengaku et al. (1998) reported that
Lef-1expression is required for and upregulated in response to

β-catenin-mediated Wnt-3a signaling during early limb bud
development. In contrast, the expression level of Tcf-4, which
is expressed in a domain encompassing both prehypertrophic
and hypertrophic chondrocytes, is not altered in limbs infected
with Wnt-4or activated β-cateninexpressing viruses. Although
TCF-4 has been shown to bind constitutively to β-catenin
(Korinek et al., 1997; Cho and Dressler, 1998), it has not been
shown to be directly regulated by Wnt signaling. It is
interesting to note that the high-level expression domain of β-
catenincoincides with the Tcf-4expression domain in a normal
cartilage element. Whether this overlap in their expression
domains is functionally relevant remains an open question and
subject for future investigations. 

Since Lef-1 is upregulated in the perichondrium, one
possibility would be that Wnt-4 signaling downregulates a
negative signal originating from the perichondrium. However,
neither Wnt-5a nor PTHrP expression levels are affected in
limbs infected with the Wnt-4or activated β-cateninviruses.
This observation makes it unlikely that the β-catenin-mediated
Wnt-4 signal accelerates chondrogenesis simply by
downregulating the known negative regulatory pathways. 

Within the cartilage element, we detected an upregulation of
Lef-1 expression only in chondrocytes of the articular region,
and this expression of Lef-1 in articular chondrocytes was
downregulated in limbs infected with the various dominante-
negative Frizzled-viruses. In addition, misexpression of the
various dominant-negative Frizzled-viruses seems to block
chondrocyte differentiation at the transition from proliferating
to non-proliferating prehypertrophic chondrocytes, as reflected
in the smaller Ihh expression domain as well as the lower
expression level of Ihh, due to a decrease in the number of Ihh
expressing cells, and the absence of Wnt-5b and PTHrP-
receptor expression. On the basis of these observations, we
propose a model in which Wnt-4, expressed adjacent to the
joint region, signals through a β-catenin/Lef-1 complex to the
articular chondrocytes and positively controls chondrocyte
differentiation by promoting progression of chondrocytes from
the proliferating to the postmitotic, prehypertrophic state (Fig.
8). This could be explained through a mechanism whereby
proliferating cells exit the cell cycle faster, and are therefore
pushed out of the proliferating zone and become postmitotic.
They would then undergo the normal maturation program,
and as a result, we would see an increase in the number of
terminally differentiated chondrocytes. This explanation would
also account for the overall shortening of the cartilage
elements. Importantly, none of the subsequent regulatory steps
involved in chondrocyte maturation seem to be affected by
Wnt-4 misexpression. This is reflected in the normal size of
the prehypertrophic zone and of the expression domains of
prehypertrophic markers such as Ihh, PTHrP-receptor and
Wnt-5b. 

Frizzled-7 a potential receptor for the endogenous
Wnt-4 signal
Chfz-7is expressed in chondrocytes of the articular region, and
recent data by Sheldahl et al., (1999) suggest that it transduces
signals through the β-catenin/TCF-LEF pathway, making
Chfz-7 a candidate for the receptor of the Wnt-4 signal. In
some other systems, overexpression of Frizzled genes has been
shown to result in an activation of Wntsignaling (Yang-Snyder
et al., 1996; Slusarski et al., 1997; Cadigan et al., 1998; Itoh
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et al., 1998); however, misexpression of Chfz7wt in our
system, like misexpression of Chfz1wt or the truncated
Chfz7∆C and Chfz1∆C constructs, resulted in a phenotype
opposite to that obtained by misexpression of activated β-
cateninandWnt-4, delaying chondrocyte maturation instead of
accelerating it. Therefore, it seems unlikely that misexpression
of Chfz-7 protein mimics an activated Wnt-4 signaling
pathway; our data rather imply that in our misexpression
experiment, Chfz-7 has a dominant-negative effect. This can
be explained through a possible interference with the
endogenous Wnt signaling. The ectopically expressed Chfz-7
protein, for example, could bind intracellular components and
thus antogonize with the endogenous signaling by depleting
the system. A precedent for this is seen in the Drosophilaeye,
where both loss of frizzled activity in clones and ectopic
expresssion of Dfrizzled have been shown to cause a similar
tissue polarity phenotype (Tomlinson et al., 1997; Zhang and
Carthew, 1998; Tomlinson and Struhl, 1999), while ectopic
expression of Dfrizzledin the embryo (Tomlinson et al., 1997)
or of Dfrizzled-2 in the wing imaginal disc mimic weak wg
gain-of function phenotypes (Cadigan et al., 1998; Zhang and
Carthew, 1998; Lin and Perrimon, 1999). The data from the fly
suggest that in a tissue-specific context, the signaling pathway
has to be finely balanced and can easily be disturbed by either
reduction or excess of Frizzledexpression. The interpretation
that the various Frizzledconstructs all act as dominant negative
molecules is consistent with our proposed model that Wnt-4
signals through Chfz-7 to the articular chondrocytes (Fig. 8).
Like Wnt-4, the dominant-negative Frizzled constructs act at
the level of the transition from proliferating to non-
proliferating chondrocytes; however, their misexpression
results in an opposite phenotype from Wnt-4 delaying this
transition. This is reflected in a consequent decrease or absence

of markers for more differentiated chondrocytes such as Ihh
and PTH/PTHrP-receptor, even though the Wnt-4 pathway
acts independently of the Ihh/PTHrP loop. 

In our proposed model (Fig. 8), the joint region serves as an
important signaling center from which positive and negative
signals emanate (Wnt-4 and PTHrP respectively), controlling
the number of cells progressing from the proliferative to the
prehypertrophic state. In order to coordinate growth of the
cartilage element, it is likely that these positive and negative
signals themselves are under a feedback control mechanism
originating from postmitotic differentiated chondrocytes.
Recent data by Vortkamp et al., (1996) and St-Jacques et al.,
(1999) have shown that this is indeed the case for the negatively
acting PTHrP signal, which is controlled by Ihh. Therefore, we
suggest that the positive acting Wnt-4 signal may also be
regulated by a feedback loop originating from more
differentiated chondrocytes. The nature of the signal(s)
controlling Wnt-4 expression in the joint region, however,
remains to be determined.

Accelerated maturation of the periosteum in
response to Wnt-4 signaling
In addition to the accelerated maturation of chondrocytes, we
observed a positive effect of Wnt-4 or activated β-catenin
misexpression on the maturation of the periosteum. This is
reflected in the expanded expression domains of osteoblast
markers such as PTH/PTHrP-receptor, bone sialoprotein II
and osteopontin, and by the histology of the infected cartilage
elements. The upregulation in the expression of the effector
gene Lef-1 in the periosteum implies that Wnt-4 / β-catenin
signaling could be directly involved in controlling the
differentiation of osteoblasts in the periosteum, although we
cannot rule out the possibility that it is an indirect effect,

Fig. 8. Molecular regulation of
chondrocyte maturation. Schematic
representation of the different zones
of differentiation within the
cartilage element and the expression
domains of corresponding
molecular markers. Cartilage
differentiation occurs progressively
as chondrocytes mature from a
population of highly proliferative
cells to postmitotic prehypertrophic
chondrocytes to hypertrophic
chondrocytes. Previous studies
indicated that the PTHrP signal
from the periarticular region (dark
blue) negatively regulates the
progression of proliferating to
prehypertrophic chondrocytes, and
that this negative signal is
controlled by a feedback
mechanism involving Ihh (red),
which is expressed in prehypertrophic chondrocytes. A second checkpoint in chondrocyte maturation, the progression of prehypertrophic to
hypertrophic chondrocytes, has previously been shown to be regulated by Delta 1, which is coexpressed with Col-X in hypertrophic
chondrocytes (yellow). The studies described here show that Wnt-5a (green) expressed in the perichondrium signals to a subpopulation of more
mature prehypertrophic chondrocytes to prevent their progression to the hypertrophic fate, either directly or indirectly through Wnt-5b (light
blue), which is upregulated in response to Wnt-5a signaling. A second Wnt molecule, Wnt-4, is expressed in cells flanking the periarticular
region (purple) and signals to the articular region, accelerating the progression of proliferating to postmitotic, prehypertrophic chondrocytes.
This signal is mediated through the Chfz-7 receptor (orange) and a β-catenin/Lef-1 (orange) complex. In addition, Wnt-4 signals to the
perichondrium and either directly through Lef-1 (orange) or indirectly exerts a positive effect on the maturation of the periosteum.
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mediated through a secondary signal. Misexpression of the
various DNFz-viruses not only delays chondrocyte maturation,
but also retards differentiation of the periosteum. This
observation supports the notion that osteoblast differentiation
could be under the positive control of Wnt-4 signaling.
However, since perichondrial Lef-1 expression is not
downregulated in limbs infected with the DNFz-viruses, we
propose that the observed delay in periosteum maturation is
likely to be an indirect effect due to decreased Ihh expression.
Recent observations support the idea that hedgehog signaling
is involved in osteoblast differentiation. Specifically, Ihh
mutant mice do not form a bone collar due to an absence of
osteoblast precursors (St-Jacques et al., 1999), and both Shh
and Ihh have been shown to promote differentiation of
osteoblasts in in vitro assay systems (Kinto et al., 1997;
Nakamura et al., 1997).

Wnt-4 and Wnt-5a belong to the same class of Wnt
genes
Wnt molecules have previously been classified into three
subgroups, based on their activities in various assays such as
axis duplication in Xenopus (Moon et al., 1993; Du et al.,
1995) or transformation of mouse mammary cell lines (Wong
et al., 1994). Interestingly, Wnt-4 has previously been
grouped together with Wnt-5a into the same subclass of Wnt
molecules, the Wnt-5a class (Moon et al., 1993; Wong et al.,
1994; Du et al., 1995; Ungar et al., 1995). Strikingly, in our
system, these two Wnt molecules show opposite effects on
the chondrocyte maturation process and seem to utilize
different intracellular signaling pathways. Recent gain-of-
function studies by Kengaku et al. (1998) have similarly
shown that two Wnt molecules (Wnt-7a and Wnt-3a)
belonging to the same class, in this case the highly
transforming Wnt-1 class, also act through divergent
signaling pathways, resulting in different patterning events
during early limb bud development. 

Our hypothesis that Wnt-4 signals through β-catenin is
contrary to a finding by Shimizu et al. (1997), showing that
Wnt-4 signaling in a cell culture assay system does not increase
cytosolic β-catenin levels, and implying that Wnt-4 in this
system does not signal through β-catenin. In another
experimental system, however, Wnt-4 has been shown to have
similar activities to Wnt-1 and Wnt-3 (Münsterberg et al.,
1995), two Wnt molecules which are thought to act through a
β-catenin/TCF-LEF mediated pathway. Studies in zebrafish
(Slusarski et al., 1997) and Xenopus (He et al., 1997) on Wnt-
5a signaling ability have similarly shown that Wnt-5a can
utilize two different signaling pathways depending on which
Fz-receptor is present. Since we still know very little about the
specificity of ligand-receptor interactions and whether the
relevant receptors are expressed in the various systems used, it
remains to be determined which Wnt molecules signal through
which intracellular pathway within any given experimental
system. 

Excitingly, Wnt-4 is to our knowledge the first secreted
signaling molecule accelerating chondrocyte maturation in in
vivo overexpression studies. Misexpression studies of many
other signaling molecules, including retinoid acid (DeSimone
and Reddi, 1983), Fgf proteins (Coffin et al., 1995; Vogel et
al., 1996), BMP proteins (Duprez et al., 1996a), TGF-β
molecules (Serra et al., 1997, 1999), Ihh (Vortkamp et al.,

1996) and other Wnt molecules (Zakany and Duboule, 1993;
Rudnicki and Brown, 1995; Kawakami et al., 1999; this study)
in mouse and chick result in a delay of chondrocyte maturation,
while some of these molecules promote in vitro cartilage
formation in micromass culture assays (Kulyk et al., 1989;
Luyten et al., 1994; Roark and Greer, 1994; Duprez et al.,
1996b). Thus, these studies have identified a novel mechanism
for positively controlling the rate of growth of developing long
bones within the avian limb.
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