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Summary

The long bones of the vertebrate appendicular skele-
ton arise from initially continuous condensations of
mesenchymal cells that subsequently segment and
cavitate to form discrete elements separated by syno-
vial joints. Little is known, however, about the molecu-
lar mechanisms of joint formation. We present evi-
dence that Wnt-14 plays a central role in initiating
synovial joint formation in the chick limb. Wnt-14 is
expressed in joint-forming regions prior to the seg-
mentation of the cartilage elements, and local misex-
pression of Wnt-14 induces morphological and molec-
ular changes characteristic of the first steps of joint
formation. Induction of an ectopic joint-like region by
Wnt-14 suppresses the formation of the immediately
adjacent endogenous joint, potentially providing in-
sight into the spacing of joints.

Introduction

Key to both relative size and articulation of the forming
appendicular skeleton is the process of segmentation
where initially continuous precartilagenous condensa-
tions are separated into discrete elements. The initial
patterning of the appendicular skeleton is controlled by
molecular signals establishing spatial coordinates in the
early limb bud prior to the differentiation of the mesen-
chyme (for reviews, see Wolpert, 1990; Izpisua-Bel-
monte and Duboule, 1992; Hinchliffe, 1994; Johnson et
al., 1994; Tickle, 1995; Zakany and Duboule, 1999).
Based on the early positional information, a mesenchy-
mal condensation forms first in the proximal region of
the limb, forming the anlagen of the humerus (or femur)
and proceeds distally, branching as it extends to form
the ulna and radius (or fibula and tibia). The distal portion
of the ulna (fibula) further branches and subsequently
segments to form the posterior proximal carpal (tarsal)
element, the ulnare (fibulare), and the distal carpal (tar-
sal) element, as well as the digital rays of digits IV-II.
Significantly, these early branched, prechondrogenic
condensations within each limb appear spatially contin-
uous (as revealed by staining with Alcian blue, a dye
specifically reacting with the extracellular matrix [ECM]
components of the chondrocytes), and only subse-
quently segment into individual skeletal elements. Thus,
although a few elements form from independent con-
densations, most of the limb skeleton is thought to arise
by branching and segmentation of preexisting prechon-
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drogenic elements (Hinchliffe and Johnson, 1980; Shubin
and Alberch, 1986; Oster et al., 1988).

Morphologically, development of most articulations
begins with the formation of regions with higher cell
density at the site of the future joints, called interzones.
Cells of the interzones appear flattened, and lose some
of the characteristics of early prechondrogenic cells,
including the downregulation of certain ECM compo-
nents (Craig et al., 1987), reflected in a gradual loss of
Alcian blue staining. The interzone in the chick develops
into a three-layered structure comprised of a region of
decreased cell density (called the central intermediate
lamina) flanked by two areas of higher cell density that
ultimately form the articular cartilage (Mitrovic, 1977).
Cells in the central intermediate lamina are progressively
lost through apoptosis (Ballard and Holt, 1968; Mitrovic,
1977; Mori et al., 1995; Nalin et al., 1995; Kimura and
Shiota, 1996), leading to the formation of the joint cavity
(a process referred to as cavitation). Previous studies
have suggested that the synthesis of hyaluronan, its
interaction with specific receptors such as CD44, and
movement of the limbs (reviewed by Pitsillides, 1999),
are necessary for cavitation of the joint. Meanwhile, the
joint capsule and tendon attachments to the adjacent
muscles form from surrounding mesenchymal cells. The
mature joint is comprised of the two opposing fibrous
articular cartilage surfaces of the adjacent bones sepa-
rated from each other by a liquid-filled joint cavity, and
surrounded by a joint capsule composed of fibrous con-
nective tissue, locally strengthened by ligaments and
lined on the inside by the synovial membrane.

Despite their importance, the molecular processes
regulating formation and patterning of the skeletal ele-
ments are only beginning to be elucidated (Hall and
Miyake, 1995, 2000; reviewed by Francis-West et al.,
1999b) and significantly, there have been no genes re-
ported that have the ability to initiate the process of
joint formation. Nonetheless, a few signals are known
that appear to be required for some aspects of segmen-
tation. In particular, several members of the growth and
differentiation factor (GDF) subfamily of TGFB mole-
cules, which are closely related to the bone morpho-
genic proteins (BMPs), are expressed in forming joints
(Storm and Kingsley, 1996, 1999; Wolfman et al., 1997;
Francis-West et al., 1999a; Merino et al., 1999), and one
of these, Gdf5, is mutated in the brachypodism (bp)
mouse mutant (Storm et al., 1994), which is character-
ized by a segmentation defect of the phalangeal skeletal
elements (Landauer, 1952; Griineberg and Lee, 1973;
Storm and Kingsley, 1996). Mutations in CDMP1, the
human Gdf5 homolog, are likewise associated with skel-
etal abnormalities, including defects in joint develop-
ment (Thomas et al.,, 1996, 1997; Polinkovsky et al.,
1997). However, in spite of the requirement for this factor
in the formation of specific joints, gain-of-function ex-
periments with Gdf5 in both chick and mouse result in
ectopic growth of cartilage but do not lead to morpho-
logical or molecular changes characteristic of the forma-
tion of a new joint (Francis-West et al., 1999a; Merino
et al., 1999; Storm and Kingsley, 1999).
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A number of Wnt genes have been implicated in vari-
ous aspects of chondrogenesis (Zakany and Duboule,
1993; Rudnicki and Brown, 1997; Kawakami et al., 1999;
Yamaguchi et al., 1999; Hartmann and Tabin, 2000). One
of these, Wnt-4, has been reported to be expressed
in the developing joint regions (Kawakami et al., 1999;
Hartmann and Tabin, 2000). However, further analysis
revealed that Wnt-4 does not play a role in joint develop-
ment, but acts on adjacent cartilage to promote chon-
drocyte maturation (Hartmann and Tabin, 2000). Here,
we report that another member of this gene family, Wnt-
14, is also expressed in developing joints. In contrast
to previously reported signaling molecules expressed
in joint forming regions, Wnt-14 misexpression induces
morphological and molecular signs of joint formation,
indicating that Wnt-14 plays a crucial role in the initiation
of synovial joint development.

Results

Expression of Wnt-14 in the Developing

Chick Autopod

In a comprehensive screen for Wnt genes expressed
during skeletogenesis in the chick, we isolated a probe
for Wnt-14 based on the previously published sequence
(Bergstein et al., 1997). Preliminary analysis indicated
that Wnt-14 was expressed within developing joints. We
compared the expression of Wnt-14 to that of Gdf5,
which has previously been shown to be expressed in
the developing joint (Figure 1). At day 5 of development,
Wnt-14 is expressed in a transverse stripe in the pre-
sumptive joint region of the future metatarsophalangeal
joints of digits II-IV (Figure 1A), as well as in the interdigi-
tal nonchondrogenic mesenchyme (Figure 1A’). Gdf5 at
this stage is expressed in a similar pattern (Figures 1B
and 1B’). Two days later, Wnt-14 continues to be ex-
pressed in the mesenchyme surrounding the cartilage
elements, as well as in a bipartite stripe within the joint
region (Figure 1C). At the same stage, Gdf5 is present
at high levels in the joint region, and continues to be
expressed in the mesenchyme surrounding the digit ele-
ments, but in a more restricted domain that is limited
to the perichondrium (Figure 1D; Francis-West et al.,
1999a). At later stages, Wnt-14 continues to be ex-
pressed in joints and in the nonchondrogenic mesen-
chyme surrounding the phalangeal elements (Figure 1E),
while Gdf5 at these stages is expressed exclusively in
a horseshoe-like pattern at the joints (Figure 1F). Note
that at all of these stages, the mesenchymal expression
of Wnt-14 is limited to soft tissue next to the skeletal
elements (e.g., white arrow in Figure 1E) and is excluded
from the perichondrium (e.g., stained dark blue, see red
arrowhead in Figure 1E). Thus, the only expression of
Whnt-14 in the chondrogenic region is in the forming
joint. Wnt-14 may have a distinct role in the soft tissue
adjacent to the skeletal elements in differentiation of
tendons or other soft tissue derived structures. Finally,
in fully-developed joints of both the elbow and the knee
(days 12 and 15, respectively), we detect Wnt-14 expres-
sion in portions of the fibrous connective tissue of the
joint capsules, as well as in the synovial membrane lining
the inside of the joint capsule (Figures 1G-1l). In addi-
tion, Wnt-14 expression at these later stages is seen in

Figure 1. Wnt-14 Is Expressed in a Pattern Similar to the Joint
Marker Gdf5

Alternate 5 pm sections through the autopod region of legs (A-F, |,
and J) and wings (G and H) of chick embryos from day 6-15 hybrid-
ized with radiolabeled antisense riboprobes for Wnt-14 (A, A’, C, E,
and G-l) and Gdf5 (B, B’, D, F, and J).

(A) Wnt-14 expression at the future metatarsophalangeal (MTP) joint
regions of digits lI-IV (arrowhead) at stage 27 and (A’) in the interdigi-
tal regions (arrow).

(B) Gdf5 expression in the MTP joint region at stage 27 (arrowhead)
and (B’) in the interdigital regions (arrow). Wnt-14 expression in the
joints (arrowhead) and interdigital mesenchyme at stage 29 (C) and
at stage 33 (F). Gdf5 expression in the joints (arrowhead) and in the
perichondrium (arrow) at stage 29 (D) and at stage 33 (F).

(G and H) Sections through the elbow and carpal regions of a day
12 wing, showing Wnt-14 expression (signal in red) in joint capsules
(arrowheads in G and H) and in protrusions of the synovial membrane
into the joint cavity (arrow in H).

(I-J) Alternate sections through the knee of a day 15 chick embryo.
() Wnt-14 expression (signal in red) in structures of the joint capsule
(black arrowhead), in the synovial membrane (white arrowhead),
and in muscles (asterisk). (J) Gdf5 expression (signal in red) in the
fibroarticular cartilage of the knee joint (asterisks). All sections are
orientated proximal to the left. h, humerus; u, ulna; f, femur; t, tibia.

both tendons and muscles (Figure 11 and data not
shown). In contrast, Gdf5 expression at these stages is
restricted to the fibroarticular cartilage of the joint (Fig-
ure 1J).

Wnt-14 Misexpression Induces Morphological
Changes Consistent with Joint Formation

To evaluate a potential role for Wnt-14 in joint formation,
we used a retroviral vector to misexpress it in the poste-



Whnt-14 Is Involved in Joint Formation
343

Figure 2. Morphological and Histological Changes in the Skeletal
Elements Induced by Retroviral Misexpression of Wnt-14

(A-B) Alcian blue staining of skeletal elements at day 9.5 of develop-
ment. (A) Wing pair showing the normal skeletal pattern of the left
uninjected wing (upper wing) and the changes in the skeletal ele-
ments induced by Wnt-14 viral injections into the posterior region
of the limb on day 3.5 (lower wing), where the ulna is smaller and
weakly stained (arrow). (B) High magnification of the autopod of a
Whnt-14-infected wing, showing multiple gaps in the digital elements
(arrowheads).

(C-H) Histological analysis on alternate 6 pm sections through an
uninfected (C, E, and G) and a Wnt-14-infected wing (D, F, and H)
at day 7. (C-F) Weigert-SafraninO staining of sections through a wing
at day 7; chondromucin-rich ECM of the chondrocytes is stained in
red, nuclei are in black, and other cells are stained in purple. (C)
Contralateral uninfected wing. (D) Affected ulna (arrow) and indenta-
tion in the humerus (arrowhead) in a Wnt-14-infected wing. (E) High
magnification of a normal elbow joint. (F) High magnification of the
indentation in the humerus shown in (D); the arrow is indicating the
elbow joint. (G-H) Immunohistochemical staining for collagen type
1l (Col lll; shown in brown). (G) Normal elbow joint. (H) Col lll positive
cells within the indentation of the humerus (arrowhead), the arrow
is indicating the elbow joint. All limbs are orientated proximal to the
left, anterior up. h, humerus; u, ulna; r, radius.

rior region of developing chick limbs. Infected limbs
show severe alterations of the skeletal pattern (Figure
2), unlike those seen previously in similar misexpression
studies using other Wnt genes (Rudnicki and Brown,
1997; Kawakami et al., 1999; Hartmann and Tabin, 2000).
In particular, the phenotypic effects assayed by Alcian

blue staining ranged from an almost complete absence
of cartilage elements in heavily infected regions (ulna,
Figure 2A) to gaps in the cartilage matrix in partially
infected elements (digits, Figures 2A and 2B). Histologi-
cal analysis of such limbs revealed that in the heavily
infected regions, which stained weakly with Alcian blue,
the prechondrogenic condensations had formed but did
not show any signs of further chondrogenic differentia-
tion (compare Figure 2D with 2C).

The morphology of Wnt-14-infected chondroblasts is
very similar to that of cells in the normal joint interzone
(compare Figure 2F to 2E). The cells are densely packed
and their ECM stains only weakly with SafraninO, indi-
cating that the ECM of these cells has a lower chondro-
mucin content, similar to cells found in the normal joint
interzone. In addition, immunohistochemical stainings
revealed that the infected cells express collagen type
Il (arrowhead, Figure 2H), a characteristic matrix com-
ponent of developing joints (Figure 2G; Ros et al., 1995).
Thus, by both morphological and histological criteria,
Wnt-14 is able to induce changes in the developing
skeletal elements that are consistent with the initiation
of ectopic joint formation.

Wnt-14 Arrests and Reverses Chondrogenic
Differentiation In Vitro

During the normal process of joint formation, mesenchy-
mal condensations lose Alcian blue staining in joint-
forming regions as cells exit the chondrogenic pathway.
Similarly, when we misexpressed Wnt-14 in vivo, the
developing skeletal elements displayed gaps in Alcian
blue staining in the infected regions (Figures 2A and
2B). To verify that Wnt-14 is capable of reverting Alcian
blue-positive condensations to an Alcian blue-negative
state, micromass cultures (MMC) were made from mes-
enchymal cells of stage 22-23 limb buds, just prior to
the initiation of chondrogenesis. Over the normal course
of a 4 day culture period, such MMCs first condense to
form a field of prechondrogenic nodules which can be
identified by light Alcian blue staining, and subsequently
differentiate into nodules which are strongly Alcian blue
positive (Ahrens et al., 1977).

Infection of limb mesenchymal cells with Wnt-14 virus
at culture day 0 completely inhibited the formation of
Alcian blue-positive cartilage nodules, assayed on day
4 (Figure 3D). Immunohistochemical peanut-agglutinin
staining revealed that the mesenchyme in Wnt-14-
infected cultures condenses to form precartilage aggre-
gates (assayed on day 3, Figure 3E) similar to control
cultures (data not shown), but these aggregates do not
differentiate into cartilage nodules. In contrast, control
cultures infected with retroviruses expressing human
alkaline phosphatase (AP) consisted by day 4 of a lawn
of closely packed cartilage nodules that stained strongly
for Alcian blue (Figure 3A). Next, we asked whether Wnt-
14 could reverse the light Alcian blue staining that is
characteristic of initial mesenchymal condensations
both in vivo and in vitro. After 2 days in culture, mesen-
chymal cells typically form nodules which stain lightly
with Alcian blue (Figure 3F). Parallel sets of MMCs were
cultured from day 2 onwards in the presence of media
containing either AP (control), or Wnt-14 viral particles
(Figures 3G and 3J). After two more days, the control
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AP cultures consistently showed a high-density distribu-
tion of strongly Alcian blue-stained cartilage nodules
(Figure 3G). In contrast, cultures treated with medium
containing Wnt-14 virus showed significantly fewer car-
tilage nodules, which stained very lightly with Alcian
blue (Figure 3J). Moreover, in most cases the number of
Alcian blue-positive nodules at day 4 in Wnt-14-treated
cultures was lower than in reference cultures fixed and
stained at the time of infection (compare Figure 3F with
3J), suggesting that Wnt-14 is able to cause reversion
in Alcian blue staining in chondrogenic cells, as seen in
normal joint initiation. Other factors, including Wnt-5a
and Bmp4, did not have these in vitro effects (Figures
3B, 3C, 3H, and 3I)

Wnt-14 Induces Molecular Changes

Characteristic of Joint Formation

To definitively determine whether Wnt-14 induces sub-
sequent changes characteristic of joint formation, we
wanted to analyze molecular markers. Because the ret-
roviral vector used is replication competent, it continues
to spread. Thus, in our original infections done at day
3.5, the limbs became heavily infected and the skeletal
elements were severely disrupted. For the molecular
analysis, we injected the Wnt-14 virus, at later stages,
into individual digit rays. Since there was less time for
viral spread, this allowed us to use the adjacent unin-
fected digits as internal controls. In individual digit rays
infected this way, we observed phenotypic changes
similar to those seen in the earlier infections, albeit in
more localized regions (Figures 4A, 5A, 6A, and data
not shown). The regions of densely packed, condensed
mesenchyme present within the infected digits were in-
deed found to be expressing Wnt-14, using a probe that
detects both exogenous and endogenous transcripts
(Figures 4B, 5B, 5C, and 6B). When we aimed injections
into the nonchondrogenic interdigital regions at stages
26-28, we did not observe similar phenotypic effects on
the adjacent cartilage elements of the digits, nor did we
observe morphological changes within the infected soft
tissue (data not shown).

To address the molecular nature of the Wnt-14-
infected, condensed mesenchymal regions, we first an-
alyzed the expression of a number of genes that are
known to be expressed in early prechondrogenic con-

Figure 3. Alcian Blue Staining of Micromass
Cultures (MMC) Showing that Wnt-14 Arrests
and Reverses Chondrocyte Differentiation In
Vitro

(A-D) Distribution of Alcian blue-positive car-
tilage nodules in MMC at day 4 infected with
various viruses at day 0. (A) RCAS/AP (B)
RCAS/Wnt5a (C) RCAS/Bmp4 (D) RCAS/
Wnt-14.

(E) Peanut-agglutinin positive precartilage
condensations in a day 3 MMC infected with
RCAS/Wnt-14 at day 0.

(F) Lightly Alcian blue-stained cartilage nod-
ules in a day 2 (untreated) MMC.

(G-J) Day 4 MMC treated with conditioned
medium (CM) containing different viruses
from day 2 onwards. (G) RCAS/AP-CM. (H)
RCAS/Wnt5a-CM. (I) RCAS/Bmp4-CM. (J)
RCAS/Wnt-14-CM.

densations, but which subsequently become downregu-
lated in the developing joints. These included markers
expressed in the early condensations, such as Sox9
(Wright et al., 1995; Healy et al., 1996), noggin (Capdevila
and Johnson, 1998), collagen 2 (Col2; Koyama et al.,
1995; Hurle and Colombatti, 1996; Nah et al., 1988),
and the proteoglycan aggrecan (Wada et al., 1999), and
others, such as the chondrocyte marker collagen 9
(Col9; Swiderski and Solursh, 1992), which is not ex-
pressed in early chondrogenic condensations but which
is specifically expressed in proliferating chondrocytes
of the cartilage element. As shown in control sections,
Col9, Col2, and aggrecan are completely absent from
the normal joint-forming regions (Figures 4C, 6C, and
6G), while Sox9 and noggin are expressed at signifi-
cantly reduced levels in the joint interzone (see arrow-
heads in Figures 4E and 6E). Strikingly, a very similar
pattern is seen in the Wnt-14-infected regions; the ec-
topic patches of condensed mesenchyme do not ex-
press Col9, Col2, or aggrecan (Figures 4D, 6D, and 6H),
and express Sox9 and noggin at substantially lower lev-
els than the adjacent uninfected cartilage (Figures 4F
and 6F). Both the absence of Col9 and Col2 expression
and the low levels of noggin and Sox9 in Wnt-14-infected
areas are consistent with the hypothesis that the con-
densed mesenchyme represents chondrogenic cells
that have become diverted to the joint phenotype.

To further analyze whether the condensed mesen-
chyme present in Wnt-14-infected regions truly reflects
an interzone phenotype, we examined the expression
of a number of genes that are normally expressed within
developing joints. Gli3 is one of several genes that are
known to be expressed in the interzone of the joint, but
which are also expressed in the perichondrium and in
the mesenchyme surrounding the developing skeletal
elements (Hui et al., 1994). Therefore, while Gli3 was
indeed upregulated in Wnt-14-infected regions (data not
shown), this was not considered definitive evidence of
a joint phenotype. However, we were able to exclude
the possibility that these condensed mesenchymal cells
were related to either perichondrial or mesenchymal
cells by simultaneously analyzing Bmp4 expression,
which at these stages is expressed at high levels in the
perichondrium and the interdigital mesenchyme, but is
not yet expressed within the joint interzone (Figure 4G;
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Figure 4. Infection of Chondrogenic Elements with Wnt-14 Results
in Downregulation of Chondrogenic Markers

H&E staining and radioactive in situ hybridizations on alternate sec-
tions through the foot region of an uninfected (C, E, and G) and an
Whnt-14-infected (A, B, D, F, and H) leg at day 7.5 of development.
(A) H&E staining of Wnt-14-infected autopod region showing aber-
rant morphology within the digit Il region. Cells adjacent to the
normal cartilage cells exhibit a distinctive condensed appearance.
(B) In situ hybridization using a Wnt-14 riboprobe detecting both
endogenous and exogenous Wnt-14-transcripts.

(C) Absence of Col9 expression in the normal joint region (ar-
rowhead).

(D) No expression of Col9 in the Wnt-14-infected condensed mesen-
chyme (arrowhead).

(E) Low level of Sox9 expression within the joint (arrowhead).

(F) Sox9 expression at low levels in the Wnt-14-infected condensed
mesenchyme (arrowhead) and at high levels in the adjacent cartilage
element (arrow).

(G) Bmp4 expression in the perichondrium and mesenchyme sur-
rounding the digit elements.

(H) Bmp4 expression is not detected in the Wnt-14-infected con-
densed mesenchyme (arrowhead).

Francis-West et al., 1999b). Significantly, the Wnt-14-
infected, condensed regions do not express Bmp4 (ar-
rowhead in Figure 4H), even though the adjacent mesen-
chyme does express the gene at high levels (Figure 4H).

Two markers that are specifically expressed in the
jointinterzone at these stages are the TGFB superfamily

tissue

Figure 5. Wnt-14 Misexpression Results in Induction of Joint-Spe-
cific Markers in Infected Chondrogenic Regions

H&E staining (A) and radioactive in situ hybridizations (B-L) on sec-
tions through the foot region of a chick limb at day 7.5 (stage 32-33)
of development. (D, G, and J) Alternate sections through an unin-
fected contralateral control leg. (A, B, E, H, and K) Alternate sections
of one Wnt-14-infected leg (note: alternate sections of the same
legs are shown in Figures 4C-4H). (C, F, |, and L) Alternate sections
of a second Wnt-14-infected limb. (A) H&E staining shows aberrant
morphology of cells in the affected skeletal element (identical to
section shown in Figure 4A). (B and C) Endogenous and exogenous
Wht-14-expression (arrowheads; note section shown in 5B is identi-
cal to 4B). (D) Gdf5 expression in the normal joint. (E and F) Induced
expression of Gdf5 in the Wnt-14-infected skeletal tissue (arrow-
heads). (G) Expression of autotaxin in the joint interzone. (H and 1)
Induced expression of autotaxin in the Wnt-14-infected chondro-
genic regions (arrowheads) in a narrow band (bracket). (J) Expres-
sion of chordin in all three layers of the joint interzone. (K and L)
Induced expression of chordin in the Wnt-14-infected chondrogenic
regions (arrowheads) in a broad domain (bracket).

member Gdf5 (Figure 5D; Francis-West et al., 1999a;
Merino et al., 1999) and the secreted phosphodiester-
ase/pyrophosphatase autotaxin (Figure 5G; Bachner et
al., 1999). Autotaxin is not expressed in fibroblasts of
the surrounding mesenchyme or in proliferating or differ-
entiating chondrocytes of the cartilage elements in the
chick limb. Significantly, both Gdf5 (Figures 5E and 5F)
and autotaxin (Figures 5H and 5I) are induced in Wnt-
14-infected, condensed mesenchyme, consistent with
the hypothesis that the infected region represents a
joint interzone phenotype. However, since both genes,
autotaxin and Gdf5, are also expressed in the early pre-
chondrogenic mesenchyme (Chang et al., 1994; Francis-
West et al., 1999a; R. Schweitzer, C. H., and C. J. T.,
unpublished observation), we cannot on the basis of
this data alone exclude the possibility that Wnt-14 mis-
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expression simply arrests cells in a prechondrogenic
state. We therefore expanded our analysis by examining
the expression of several additional genes that are not
expressed in the prechondrogenic mesenchyme but are
specifically associated with forming joints, including
chordin, which is expressed specifically in the interzone
(Figure 5J; Francis-West et al., 1999b), Wnt-4, which is
normally expressed at the lateral edges of the devel-
oping joints (Figure 6l; Hartmann and Tabin, 2000), and
CD44rel, a gene related to human CD44 which, like CD44
(Edwards et al., 1994), is expressed by joint interzone
cells (Figure 6K). Strikingly, we find that each of these
additional joint specific markers—chordin (Figures 5L
and 5M), Wnt-4 (Figure 6J), and CD44rel (Figure 6L)—is
specifically induced in Wnt-14-infected chondrogenic
regions.

Finally, it is also worth noting that several of the in-
terzone markers described above have distinct distribu-
tion patterns within the joint. For example, chordin is
expressed in all three layers of the interzone, with slightly
higher expression levels in the two outer layers (Figure
5J). By contrast, autotaxin expression is confined to the
middle layer of the interzone (Figure 5G), while Wnt-4
expression is restricted to the lateral edges (Figure 6l).
The Whnt-14-infected regions recapitulate this pattern,
with autotaxin confined to a relatively narrow strip of
cells nested within a much broader domain of chordin
expression (compare Figure 5H with 5K), and Wnt-4 ex-
pressed only at the edge facing the adjacent mesen-
chyme (Figure 6J). Thus, the spatial expression of these
genes, together with the histological and molecular data
presented above, strongly argues that the Wnt-14-
infected region is induced to take on an interzone-like
phenotype.

Figure 6. Analysis of Additional Chondro-
genic and Joint Markers in a Wnt-14-Infected
Digit 11l

H&E staining (A) and radioactive in situ hy-
bridizations (B-L) on sections through the
foot region of a chick limb at day 9 (stage 36)
of development. (C, E, G, I, and K) Alternate
sections through the digit Il region in the un-
infected contralateral leg. (A, B, D, F, H, J, and
L) Alterate sections through a Wnt-14-infected
digit lll. (A) H&E staining showing aberrant
morphology of Wnt-14-infected region. (B)
Exogenous Wnt-14 expression in the infected
region within the skeletal element (arrow-
head). (C) Absence of Col2 expression from
the normal joint interzone (arrowhead). (D)
Absence of Col2 expression in the Wnt-14-
infected region (arrowhead). (E) Absence of
aggrecan expression from the joint interzone
(arrowhead). (F) Downregulated aggrecan ex-
pression in the Wnt-14-infected region (ar-
rowhead). (G) Low-level expression of noggin
in the joint interzone (arrowhead). (H) Low-
level expression of noggin in the Wnt-14-
infected region (arrowhead). () Wnt-4 expres-
sion at the lateral edges of a wild-type joint
(arrowhead). (J) Induced Wnt-4 expression at
the lateral edge of the Wnt-174-infected region
(arrowhead). (K) Expression of CD44rel in the
joint interzone (arrowhead). (L) Upregulation
of CD44rel expression throughout the Wnt-
14-infected region (arrowhead).

Endogenous Joint Formation Is Repressed

in Regions Adjacent to Ectopic

Wnt-14 Expression

Animportant aspect of skeletal patterning is the spacing
of the joints. Joints in the limb form sequentially, in a
proximal to distal sequence (Shubin and Alberch, 1986).
As a possible mechanism for achieving the spacing be-
tween joints, one could postulate that signals could be
produced by a newly formed joint interzone that blocks
theinitiation of a new segmentation event in the adjacent
precartilagenous element, with the more distal joints
only forming at locations distal enough to escape the
influence of the previously formed joint. Consistent with
this, we found that in every example of infection with the
replication-competent virus, ectopic Wnt-14 expression
prevented expression of all of the examined joint mark-
ers in adjacent uninfected cartilage regions where the
endogenous joints normally should have formed (Fig-
ures 7A and 7B). Importantly, the chondrogenic regions
were otherwise normal in histology and showed no evi-
dence of overproliferation (Figure 7B).

There are reports that the BMP antagonist Noggin is
capable of altering the process of joint formation, for
example converting a digit 3, which normally has three
phalanges, to a digit 2-like element containing only two
phalanges (Dahn and Fallon, 2000). One would expect
that if there is a change in location or number of joints,
it would be reflected by an earlier alteration in the ex-
pression of joint markers, including Wnt-14. We im-
planted Noggin beads into the distal region of the inter-
digital region between digits 3 and 4 in the leg at stage
27-28 and replicated the previously published result,
and moreover observed the predicted changes in Wnt-
14 expression (data not shown). However, the signifi-
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Figure 7. Wnt-14 Misexpression Represses Adjacent Joints

(A) Normal spacing of joints visualized by the expression of Wnt-4
in the lateral edges of the joints in an uninfected control leg (red
arrowheads).

(B) Repression of endogenous joint formation (green arrowheads)
in the region adjacent to Wnt-14-infection. Wnt-14 induces lateral
expression of Wnt-4 (yellow asterisk). The more proximal and distal
joints (red arrowheads) are formed, but also slightly affected.

(C) Model of spacing of the joints. The initial step of joint formation
involves induction of Wnt-14 expression, this leads to the formation
of the interzone characterized by distinct gene expression patterns,
including expression of Gdf5 and Chordin. Secondary signals se-
creted from the interzone, which could include either Gdf5 or
Chordin (see text) act on neighboring cartilage elements to prevent
the induction of a new interzone in the vicinity. These signals may
be under a modulating influence of signals (such as BMPs) emanat-
ing from the interdigital mesenchyme (see text).

cance of this observation is unclear (see discussion
below).

Discussion

In this study, we report the analysis of Wnt-14,a member
of the Wnt gene family, which shows a striking pattern
of expression within the early joint-forming regions of
the developing chick limb. By misexpressing Wnt-14
locally within the developing autopod, we show that
cells within prechondrogenic regions respond to exoge-
nous Wnt-14 by becoming morphologically and histologi-
cally distinct from neighboring cartilage and adjacent mes-
enchymal cells, taking on histological and molecular
properties typical of the early joint interzone. All genes
examined that are expressed in the normal joint in-
terzone but not in the adjacent cartilage were expressed
in Wnt-14-infected skeletal tissue; conversely, all genes
downregulated in the normal interzone were repressed
by Wnt-14. Note that the set of markers expressed fol-
lowing Wnt-14 misexpression is characteristic of the

early interzone, not of the mature joint or articular carti-
lage, although some individual markers continue to be
expressed in the mature joint, such as Gdf5 and Col2.
Based on all these consistent changes in the histological
and molecular phenotype induced by Wnt-14, we pro-
pose a role for Wnt-14 in the initial steps of joint forma-
tion (Figure 7C).

Consistent with the in vivo data, Wnt-14 can block
cartilage differentiation in micromass cultures in vitro
when added at the beginning of the culture period and
can cause a reversal of cartilage differentiation when
added later. The former property of blocking chondro-
genesis in micromass cultures have also been reported
for Wnt-1 and Wnt-7a (Rudnicki and Brown, 1997; Stott
et al., 1999); however, these Wnts are not normally ex-
pressed in developing joints and their misexpression
does not produce any of the subsequent changes char-
acteristic of joint formation (Rudnicki and Brown, 1997;
C. H. and C. J. T., unpublished observation). This ability
of Wnt-14 to block or even reverse chondrogenesis may
be an essential property for allowing cells to enter the
alternative interzone differentiation pathway.

Whnt-14is able to actively direct prechondrogenic cells
into the joint-forming pathway. This effect is clearly seen
in vivo in the ability of Wnt-14 to induce the expression
of a number of molecular markers characteristic of the
developing joint. The induction of CD44rel in the ectopic
jointregion is interesting, since CD44, which is the major
hyaluronan (HA)-binding protein, has been implicated in
playing a role in the subsequent development of the
joint (reviewed by Pitsillides, 1999).

Notably, however, ectopic Wnt-14 is not capable of
inducing any of the joint markers in nonchondrogenic
cell types such as the interdigital mesenchyme, indicat-
ing that only chondrogenic cells are competent to re-
spond to the joint-inducing properties of Wnt-14. In this
regard, we note that endogenously, Wnt-14 is, in fact,
expressed in mesenchymal cells outside of the perichon-
drium flanking the cartilage elements. It is possible that
although these cells cannot be stimulated to become in-
terzone cells, they may be capable of responding to
the first of the two Wnt-14 activities described above,
blocking them from entering the chondrogenic pathway
and hence limiting the thickness of the cartilagenous
condensations. In any case, Wnt proteins typically re-
main in very close proximity to the cells that produce
them, and hence this interdigital Wnt-14 would not be
expected to transverse the perichondrium and to act on
the chondrocytes.

Wnt-14 Signal Transduction

A variety of different signaling pathways involved in the
intracellular transduction of Wnt signals have beeniden-
tified in recent years (for reviews, see Cox and Peifer,
1998; Arias et al., 1999; Dierick and Bejsovec, 1999;
Miller et al., 1999; Mlodzik, 1999; Kuhl et al., 2000). Wnt-
14 is likely to use a signaling pathway distinct from other
Wnt genes known to play roles in skeletogenesis, such
as Wnt-4 and Wnt-5a, because their misexpression
leads to completely different phenotypes (Hartmann and
Tabin, 2000). We attempted to determine which of the
previously described Wnt signaling pathways might be
responsible for transducing the Wnt-14 signal in joint
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formation, misexpressing activated versions of B-cat-
enin, RhoA, and CamKIl and a dominant-negative ver-
sion of Dishevelled, but none of these gave rise to a
phenotype indicative of the pathway utilized by Wnt-14
(data not shown).

Spacing of the Joints

We have found that ectopic Wnt-14 expression also
leads to a repression of joint formation in adjacent carti-
lage. This provides a potential mechanism for spacing
the joints, where each newly formed joint would block
formation of additional joints in its immediate vicinity
(Figure 7C). There are two previously reported results,
either or both of which could potentially indicate a down-
stream cascade in this process.

Gdf5 is a secreted member of the BMP superfamily
which we find to be induced by Wnt-14 in the ectopic
interzone-like region. Previous studies have shown that
Gdf5 bead implants or misexpression of this joint marker
result in a fusion of the skeletal elements (Francis-West
et al., 1999a; Merino et al., 1999; Storm and Kingsley,
1999). Gdf5 thus could be a secondary signal produced
downstream of Wnt-14 that blocks secondary joint for-
mation (Figure 7C). It should be noted, however, that
Gdf5 has a strong proliferative effect on the cartilage
and the elements forming adjacent to a source of Gdf5
are significantly enlarged, in contrast to the normal ap-
pearance of cartilage adjacent to the ectopic Wnt-14
expression. Thus, the apparent block in the joint forma-
tion following Gdf5 application could be a consequence
of cartilage overgrowth, or redirection of joint cells down
the chondrogenic pathway not necessarily indicative of
an endogenous joint-repressing activity.

Another potential pathway influencing joint position-
ing involves interdigital BMP activities. The interdigital
region has been shown to influence the number of pha-
langes that form and application of ectopic noggin re-
duces the number of skeletal elements in the adjacent
digit (Dahn and Fallon, 2000). We have repeated this
result and indeed see a concomitant change in Wnt-
14 expression in the altered digit. The decrease in the
number of phalanges following exogenous application
of the BMP antagonist Noggin implies that endogenous
interdigital BMPs might act to promote joint formation.
In this case, a BMP antagonist produced by the forming
joint could serve to block the formation of new joints in
close proximity of the newly formed joint. Consistent
with this model, we find that the BMP-antagonist
chordin is specifically upregulated in the early joint in-
terzone in response to Wnt-14, and hence could be a
secondary signal responsible for the spacing of the
joints (Figure 7C). However, the cellular mechanism re-
sponsible for the effect of ectopic Noggin on joint spac-
ing has not been reported. In this regard it must be
noted that application of Noggin beads do not result in
larger skeletal elements that are simply missing joints,
but rather in the apparent loss of phalanges such that
fewer segments are present. From our own observations
in replicating these experiments, we strongly favor the
hypothesis that ectopic Noggin produces the described
phenotypes by interfering with the chondrogenesis-pro-
moting activity of BMP signaling such that the conden-
sation of the distal phalange is either delayed or pre-

vented and fewer segments are produced, not that it
has a direct effect on the spacing of joint formation.
Further work will be required to clarify the roles of Gdf5
and chordin downstream of Wnt-14 and to determine
whether either of them plays a role in the endogenous
spacing of the joints.

Later Functions of Wnt-14 in the Mature Joint
Wnt-14 continues to be expressed in structures associ-
ated with the mature joint, in areas of the capsule and
throughout the synovial membrane. This expression will
be particularly intriguing to consider in the context of
rheumatoid arthritis (RA), which is associated with alter-
ations of the synovium and is one of the most common
diseases of the joint. There is growing evidence that Wnt
signaling may be involved in some specific pathological
alterations of the joint. Recent studies have shown that
transcripts of certain Wnt genes, along with certain
members of the Frizzled family of Wnt receptors, can
be found within the RA synovium, and that some of
these genes are specifically upregulated in the RA syno-
via (Sen et al., 2000). Hurvitz and colleagues (1999) have
further shown that mutations in WISP3, a member of the
CCN family of secreted, cysteine-rich growth factors,
cause progressive pseudorheumatoid dysplasia (PPD),
a disease that resembles RA phenotypically. The highly
related WISP genes, WISP1 and WISP2, were originally
identified as Wnt-1-responsive genes (Pennica et al.,
1998; Xu et al., 2000). These findings do suggest a possi-
ble role for Wnt signaling in the ethiology of RA. Since
Wnt-14 is involved in the induction of the synovial joints
and continues to be expressed in the mature joint, Wnt-
14 might play a positive role in the maintenance of joint
integrity. Determining whether Wnt-14 signaling is in-
volved in any synovial joint disease will be an important
target of future studies.

The Process of Joint Formation

The formation of the joint constitutes a complex,
multistep process. It begins with the arrest of chondro-
genic differentiation in the prospective joint interzone,
marked by the disappearance of collagen type Il (Ko-
yama et al., 1995; Hurle and Colombatti, 1996). The next
steps involve further changes in the matrix (Pitsillides
et al., 1995), accompanied by cell death (Mori et al.,
1995), and ultimately the formation of the mature joint
cavity. Concomitantly, the articular cartilage and joint
capsule differentiate around the joint cavity (Mitrovic,
1977). Wnt-14 plays a role at the earliest step in this
process, the induction of the joint interzone. Signifi-
cantly, at least some secondary signals appear to be
initiated as a consequence of Wnt-14 expression. For
example, Gdf5 is a secreted signal necessary for joint
formation produced in response to Wnt-14. Moreover,
we have observed that distinct zones of the joint in-
terzone express characteristic molecular markers, and
that these distinct regions of differential gene expres-
sion are recapitulated following Wnt-14 misexpression.
Nevertheless, it is still unclear whether Wnt-14 is suffi-
cient to trigger all of the subsequent steps in producing
a mature joint. Given the fact that joint development is
a complex process, it is more than likely that additional
signals are necessary in order to produce a mature joint.
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Our analysis of later stages of joint development is com-
plicated by the fact that the replication-competent retro-
virus continues to spread further with progression of the
experiment, producing an ever-larger interzone domain.
The joint interzone normally develops between two
closely juxtaposed cartilage elements, an architecture
which is therefore missing in our Wnt-14 misexpression
experiments. Significantly, cross-talk between the carti-
lage and the interzone is known to be important for later
steps of joint development, including cavitation (Holder,
1977). The discovery that Wnt-14 can induce the initial
steps in joint formation thus sets the stage for identifying
additional secondary signals required for the subse-
quent stages of joint maturation. Such studies, elaborat-
ing on the current work, will have important implications,
both potentially from a clinical perspective, as joint dis-
ease is a major human health problem, as well as from
the developmental biology perspective, as the locations
where joints arise is a major determinant of the final
skeletal pattern.

Experimental Procedures

RNA Probes

Antisense riboprobes radiolabeled with [*P]JUTP were prepared as
described as follows: Col9, Bmp4, noggin, and chordin (Pathi et al.,
1999), Gli3 (Schweitzer et al., 2000), Sox9 (Healy et al., 1996), and
Whnt-4 (Hartmann and Tabin, 2000). DNA fragments corresponding
to Wnt-14 (Bergstein et al., 1997; full-length open reading frame),
Col2 (Nah et al., 1988; 434 bp fragment corresponding to nucleotides
182-616 of GenBank sequence #M74435), aggrecan (687 bp frag-
ment corresponding to nucleotides 113-800 of GenBank sequence
#L21913) and CD44rel (470 bp fragment corresponding to nucleo-
tides 814-1284 of GenBank sequence #AF153205) were amplified
by RT-PCR and cloned into pGEM-T. A chick Gdf5 template, corre-
sponding to amino acids 285-411 of mouse GDF5, was amplified
by RT-PCR using degenerate primers and cloned into pGEM-T.
Riboprobes for Wnt-14, CD44rel, Gdf5, and autotaxin were gener-
ated using T7 RNA polymerase from templates linearized with Spel
or, in the case of autotaxin, with Ncol. Riboprobes for Col2 and
aggrecan were generated using Sp6 RNA polymerase from tem-
plates linearized with Ncol.

Processing of Chick Embryos and In Situ Hybridization

Embryos were staged according to Hamburger and Hamilton (1951),
fixed in 4% paraformaldehyde/PBS (pH 7.4) for 6-8 hours, or over-
night at 4°C, and processed for either whole embryo skeletal staining
or paraffin sectioning. For radioactive section in situ hybridizations
on serial sections, two continuous 5 pm microtome sections of
paraffin-embedded uninjected contralateral (left) and virally-
infected (right) limbs (treated in parallel and embedded into the
same mold) were successively collected onto 5-8 alternating slides
and processed as described (Hartmann and Tabin, 2000).

Construction of Retroviral Constructs

and Viral Misexpression

The RCASBP(A) constructs carrying the full-length open reading
frame of the chick Wnt-14 gene (5’ Ncol: TGCCATGGCTCTCCTCC
GCGCGCTTCTAGG; 3’ EcoRl: CGGAATTCAGTCTTTACAGGTG
TAAACC), the activated form of Drosophila RhoA-V14 (5’ Bsal:
GGTCTCCATGACGACGATTCGC; 3’ EcoRl: CGGAATTCAGAGCA
AAAGGCATC), the activated form of CamKIl (5' Ncol: TGTCACC
ATGGCTACCATCACCTGC; 3’ EcoRIl: GTGAATTCAATGGGGCAG
GACGG) and the dominant-negative form of Dishevelled (5’ BsmBI:
CGTCTCACATGGAGAGCTTGGGCGACC; 3’ Hindlll: TGTAAGCTT
CACATGACATCCACAAAGAAC) were engineered as outlined in Lo-
gan and Tabin (1998). Transfection and growth of RCAS viruses were
performed as described by Morgan and Fekete (1996). Concentrated
virus with a titer of 6-8 X 10° pfu/ml was injected either into the
posterior regions of the developing wing at day 3.5 (stage 21-22)

or into the distal region of digit Il of the foot at day 5 (stage 26-27). In
both instances, the uninjected, contralateral limbs served as stage-
specific controls.

Bead Implants

Affigel Blue agarose beads (Biorad) were washed in PBS and soaked
in Noggin protein on ice (concentrations were 200, 500, or 700 pg/
ml). Similar results were obtained independent of the concentration
used. Noggin loaded beads were implanted in the distal most avas-
cular region of the interdigital mesenchyme between digit 3 and 4
of the leg at stage 27-28 according to Dahn and Fallon (2000).

Skeletal Staining, Histology, and Immunohistochemistry
Whole-mount Alcian blue staining of cartilage elements of day 9.5
chick embryos was done as previously described in Goff and Tabin
(1997). Weigert-SafraninO staining of sections was done according
to Gaffney (1994) and H&E staining according to Allen (1994). For
immunohistochemical analysis, sections were deparaffinizied (10
min Xylene), and rehydrated (100%, 85%, 70%, 50%, and 25% EtOH)
into PBS, and endogenous peroxidase activity was inactivated
through incubation in 3% H,0, in methanol for 30 min. Sections
were then incubated with a 1:2 diluted 3b2 monoclonal antibody
specific for type lll collagen (R. Mayne; obtained from the Develop-
mental Studies Hybridoma Bank) and developed using a biotinylated
horse-anti-mouse secondary antibody (Vector), horseradish peroxi-
dase-conjungated streptavidin complexes (Vector), and Diamino-
benzidine for the color reaction (Sigma). Sections were also counter-
stained with hematoxylin (Sigma).

Micromass Cultures

Micromass cultures were carried out as described by Zou et al.
(1997) using stage 22-23 fore- and hindlimb buds with the following
modifications: Ectoderm was removed after a 15 min incubation
in 0.2 M EDTA/PBS at 37°C, and mesenchymal cells were then
dissociated and plated at a density of 2 X 107 cells/ml. For infections
on day 0, 10 ul aliquots of cell suspensions were infected with 1 pl
of concentrated RCAS virus encoding either human alkaline phos-
phatase (for control cultures), Wnt-5a, Bmp4, or Wnt-14. For each
virus, two cultures were plated together on four-well 10 mm tissue
culture dishes (Nunc), and following one hour of incubation, 500 pl
of DMEM containing 10% fetal calf serum and 2% chick serum was
added. For infections on day 2, 10 pl aliquots of the mesenchymal
cell suspension were plated onto four-well 10 mm tissue culture
dishes and then incubated for 2 days, at which point a set of refer-
ence cultures were fixed (4% paraformaldehyde/PBS), while me-
dium supplemented 1:1 with sterile-filtered conditioned media from
DF1 cells infected either with RCAS-AP, RCAS-mWnt-5a, RCAS-
Bmp4, or RCAS-Wnt-14 was added to control and experimental
cultures, respectively. Cells were further cultured for two more days,
with fresh conditioned medium added twice daily and then fixed on
day 4. In all cases, cultures were stained with Alcian blue (pH 1) to
visualize chondrogenic nodule formation. Peanut-agglutinin staining
was done as previously described by Rudnicki and Brown (1997)
using biotinylated peanut-agglutinin (Vector). For each experiment,
at least four cultures of each type were analyzed, and each experi-
ment was repeated three times with similar results.
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