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Embryo movement is essential to the formation of a functional skeleton.
Using mouse and chick models, we previously showed that mechanical
forces influence gene regulation and tissue patterning, particularly at devel-
oping limb joints. However, the molecular mechanisms that underpin the
influence of mechanical signals are poorly understood. Wnt signalling is
required during skeletal development and is altered under reduced mechan-
ical stimulation. Here, to explore Wnt signalling as a mediator of mechanical
input, the expression of Wnt ligand and Fzd receptor genes in the develop-
ing skeletal rudiments was profiled. Canonical Wnt activity restricted to the
developing joint was shown to be reduced under immobilization, while
overexpression of activated B-catenin following electroporation of chick
embryo limbs led to joint expansion, supporting the proposed role for
Wnt signalling in mechanoresponsive joint patterning. Two key findings
advance our understanding of the interplay between Wnt signalling and
mechanical stimuli: first, loss of canonical Wnt activity at the joint shows
reciprocal, coordinated misregulation of BMP signalling under altered
mechanical influence. Second, this occurs simultaneously with increased
expression of several Wnt pathway component genes in a territory periph-
eral to the joint, indicating the importance of mechanical stimulation for a
population of potential joint progenitor cells.

This article is part of the Theo Murphy meeting issue “Mechanics of
Development'.

1. Introduction

It is well established that mechanical stimulation is important for multiple aspects
of mature skeletal health, including fracture healing and bone remodelling [1];
however, a clearer picture of the influence of movement on embryonic skeletal
development has only emerged recently [2-5] and its molecular basis remains
incompletely understood. Spontaneous movement of the embryo commences
early in development [6] and is an important source of mechanical stimulation
for the forming skeleton. Evidence for this comes from human congenital
disorders in which the absence or reduction of movement in utero results in skel-
etal anomalies including joint dysplasia and temporary brittle bones that are
prone to fracture [7-9]. However, a more detailed characterization of the effects
of reduced movement required the use of animal models, which demonstrated
the precise events during development that depend on cues from movement
(summarized in figure 1). These include the emergence of the correct rudiment
shape (morphogenesis) [5], the initiation and progression of ossification
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Figure 1. Lack of mechanical stimulation from movement has multiple phenotypic effects on limb skeletal development, observed in both mouse and chick immo-
bilization models. Effects on joint formation (a), ossification (b) and rudiment shape (c) are shown in both the mouse forelimb (red boxes; 1523 (E14.5)) and chick
hindlimb (blue boxes; HH35). Example data for each of (a—c) are shown in the hoxes. (a) Joint formation. The elbow joint of the immobile mouse embryo (Pax33”d/5”d;
red box; [10]) and knee joint of the chick embryo (decamethonium bromide treated; blue box; [5]) lack definition of joint territories, shown by histology (Safranin 0) and
the absence of joint marker gene (Cd44) expression as well as abnormal expression of Co/2a7 and Pthrp across the joint where joint fusion occurs. (b) Ossification.
Histological sections show reduction in hypertrophy at the mid-diaphysis of the mouse humerus in Pax3*%*¢ mutant embryos (muscle-less), compared with control
[4]. Delayed ossification is similarly shown in the immobile chick (reduced proportion of mineralization) [11]. (c) Rudiment shape. The change in shape of the distal
humerus in muscle-less, immobile mouse embryos (aMM) compared with control (¢(MM) (unpublished) and in the distal femur of immobilized chicks, shown by outlines
of femoral head cross-sections of immobilized (red) and control (blue) embryos, overlaid [S]. m, meniscus; ac, articular cartilage; tf, tibiofibula.

[4,11,12] and the definition of tissue territories at the joint [3—5]
(reviewed in [13-15]).

Synovial joint formation can be described with three distinct
stages: specification of the joint site, differentiation of joint
tissues and joint cavitation [16]. As joint tissues are differentiat-
ing, morphogenesis of the rudiments is simultaneously
occurring [17]. Mouse and chick immobilization models show
that the effects on joint development appear early, shortly after
movement normally commences, and are complex, affecting
the differentiation of joint-specific tissues (i.e. joint patterning)
as well as the shapes of the rudiment termini [5]. Affected
tissue territories include the menisci of the knee joint and the
characteristic ‘chondrogenous layers’ that prefigure the articular
cartilage of the joint. These changes in tissue differentiation cor-
respond to loss of joint-specific gene expression (e.g. Cd44 and
Gdf5) and activation of ectopic expression characteristic of
subchondral transient cartilage (e.g. Col2al, Pthrp), leading to
the observed ‘fusion’ of joints in immobilized specimens
(figure 1a). Clearly, the distinction of cells that form the transient
(Col2a1-positive) cartilage of the rudiment (future bone) from
cells that form stable articular cartilage is crucial to the formation
of a functional joint. Cell lineage analysis has shown that the joint
zone is very dynamic, with contribution of cells from the adja-
cent territories of transient cartilage as well as from adjacent
joint margin cells [18—-20]. Ray ef al. recently proposed a model
of simultaneous differentiation of transient and articular carti-
lage [19]. Although it is not fully understood how distinct
transient and articular cartilage territories are established and
spatially maintained, mechanical stimulation from movement

is required. However, little is known about the molecular
mechanisms involved in interpreting mechanical signals and
in generating a cellular response.

As an entry point into revealing the molecular changes that
accompany the phenotypic effects of immobilization, we
carried out a comparison of the transcriptomes of humeri and
associated joints from muscle-less mutant (Pax3°" /5pdy and con-
trol littermate embryos at the developmental time point when
abnormalities are first evident (Theiler Stage (TS) 23 (embryo-
nic day (E) 14.5)) [10]. This revealed differential expression of
1132 genes and showed, in particular, strong disturbance of
genes associated with the Wnt signalling pathway, corroborat-
ing the observation of reduced canonical Wnt reporter activity
upon loss of limb movement [3,10]. Wnt signalling has also
been implicated in responding to mechanical loading in the
zebrafish jaw [21]. Indeed, both joint development and ossifica-
tion are known to require carefully regulated Wnt signalling,
indicating that the Wnt pathway might mediate multiple
mechanosensitive processes [22-24]. Although specific Wnt
ligand-encoding genes have been implicated in skeletal devel-
opment, we do not have comprehensive knowledge of the
Wnt pathway components involved. With regard to joint devel-
opment, canonical Wnt signalling is crucial for the correct
differentiation of articular cartilage, with disruption of the
joint zone when the pathway is inactivated [23-25]. However,
immobilization causes greater disturbance to the joint region
than inhibition of Wnt signalling, suggesting that additional
molecular mechanisms are involved in mediating the effects
of mechanical stimulation on joint tissue patterning [26].
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Figure 2. Experimental manipulation of Wnt signalling by ex ovo electroporation. Summary of experimental design and analysis pipeline used for manipulation of
the Wnt signalling pathway. (a) Electroporation set-up; a, anterior; p, posterior. (b) Diagram of the expression construct fusing the [3-catenin activation domain with
the DNA-binding domain of Tcf7L1, incorporating a FLAG tag (GenBank KM189193) [32]. (c) GFP expression in whole limb 24 h post-electroporation. (d) Analysis
pipeline: (i) expression of construct RNA by in situ hybridization (ISH) for mouse [-catenin (left) and fusion protein expression and nuclear localization through
detection with anti-FLAG-tag antibody (middle), merged with GFP (right). (i) ISH for Sfrp2 RNA showed Wnt target gene upregulation at transgenic joints, and (iii)
phenotypic analysis of the skeletal pattern in electroporated (EP) and control limbs, using (o/2a7 whole-mount ISH and 3D imaging by OPT. Scale bar, 50 m.

Here, we expand our knowledge of the molecular signalling
environment of the developing skeletal rudiment, in particular
regarding Wnt signalling at the joint. We profile which Wnt
ligand- and Fzd receptor-encoding genes are expressed within
the developing forelimb skeleton in mouse during the period
of sensitivity to movement (TS23 (E14.5)) and show that several
component genes have localized expression in a territory periph-
eral to the joint. We show that canonical Wnt pathway activity,
which is normally restricted to the developing joint region, is
lost under immobilization, indicating that mechanical cues are
required for the maintenance of Wnt activity and the joint terri-
tory. Exogenous activation of the canonical Wnt pathway in
electroporated chick embryo limbs inhibited chondrogenesis
and expanded the joint territory, corroborating the link between
mechanically regulated Wnt signalling and joint definition.
These findings indicate a key role for canonical Wnt signalling
in interpreting and responding to biophysical stimuli generated
by movement during joint development.

Heterozygous Splotch delayed (Pax3%P*) mice [27] (Jackson
Laboratories) were bred and euthanized under licence from the
Irish Medicines Board/Health Products Regulatory Authority.
Splotch delayed (Pax3°P"'*"%) muscle-less mutant embryos were
precisely staged (Theiler Stage [28]), fixed and dehydrated.
Genotype was confirmed by PCR amplification [29].

Embryos from the TCF/Lef: H2B-GFP reporter mouse line
[30] were kindly provided from the MRC Human Genetics
Unit, Edinburgh, UK.

Fertilized chick eggs were obtained from Allenwood Broiler bree-
ders Ltd (strain: Ross 503) and incubated (Natureform Hatchery
UT350N) at 37°C for 72 h prior to transfer to ex ovo culture modelled

on Schomann ef al. [31]. On embryonic day (E)5, embryonic mem-
branes were opened to expose the forelimb bud, which was
microinjected with a mixture of Fast Green dye (0.5 .l of a 0.05% sol-
ution), and 1 pg each of pEGFP-C1 (BD Clontech 6084-1; GenBank
accession no. U55763) and a construct encoding a constitutively
active B-catenin—Tcf fusion protein with a FLAG tag (GenBank
accession no. KM189193) (figure 2b). Control (sham) electroporated
forelimb buds were microinjected with the same mixture replacing
the B-catenin—Tcf fusion construct with phosphate-buffered saline
(PBS). Plasmid DNA was sequence-verified and purified using a
plasmid extraction kit (Qiagen 12163). Microinjection at the centre
of the limb bud (figure 2a) was performed using a sterile, pulled
capillary (borosilicate glass OD 1.0 mm, in a Sutter Instrument
puller P-97) followed immediately by an optimized electroporation
regime of six 60 ms pulses of 25 V, at an interval of 100 ms. Dulbec-
co’s modified Eagle’s medium (DMEM) culture medium, 1x
antibiotic—antimycotic (Gibco 15240096) and less than 1g of
ground eggshell were added. The ex ovo set-up was incubated
until harvest at E6. Embryo viability was recorded. Hamburger
and Hamilton (HH) staging [33] was performed at the time of elec-
troporation and at harvest. Electroporation efficiency was assessed
by visualizing green fluorescence protein (GFP) under a fluor-
escence  dissecting microscope immediately post-harvest
(figure 2c). Specimens were fixed overnight in 4% paraformalde-
hyde in PBS, washed, dehydrated and stored at —20°C for analysis.

To assess construct uptake and expression, mouse B-catenin
probe detected RNA and anti-FLAG antibody detected fusion
protein products. Co-localization of GFP and the FLAG tag (using
an anti-FLAG antibody) confirmed nuclear localization of the
fusion protein (figure 2d). Canonical Wnt target gene expression
and phenotypic analysis were assessed through whole-mount
in situ hybridization for Sfrp2 and Col2al followed by optical projec-
tion tomography (OPT) three-dimensional (3D) imaging (figure 2d).

Antisense RNA probes were generated from specific sequence-
verified cDNA clones (electronic supplementary material, table
S1). Hybridization of 60 wm vibratome sections, 10 wm cryosec-
tions or whole embryos was carried out largely as described
previously [2,10,34].



(d) Optical projection tomography, image collection
and processing

Following in situ hybridization, samples were prepared for OPT
scanning and reconstruction as previously described [34].

(e) Histological staining

Mouse and chick embryonic limb paraffin sections (10 wm) were
dewaxed and rehydrated. Nuclei were stained with Weigert's
iron haematoxylin solution in 95% ethanol (1 min) and rinsed
with running tap water. Safranin O staining was with Fast Green
solution (0.001% in H,O, 5 min), rinsed with 1% acetic acid and
counterstained with Safranin O (0.1% in H,O, 5 min). Mallory’s
Trichrome staining was performed with acid fuchsin (0.1% in
H,0, 5 min) and phosphotungstic acid (1% in H,O, 10 min), and
rinsed and stained in Aniline Blue (0.5% Aniline Blue, 2%
Orange G and 2% oxalic acid in H,O, 30 s).

(f) Immunohistochemistry

Limbs were rehydrated and either cryoprotected in 30% sucrose in
PBS and frozen for cryosectioning, or paraffin-embedded and sec-
tioned. Enzyme-mediated antigen retrieval was performed for
PSMAD1/5/8 immunolabelling with 20 ug ml ™! proteinase K in
0.1 M Tris-HCl (Roche) for 10 min at 37°C. Sections were blocked
for 30 min in 5% goat serum in Tris-buffered saline (TBS) with
0.1% Tween (TBST). Primary antibody was applied overnight at
4°C. Primary and secondary antibodies are listed in electronic sup-
plementary material, table S1. Fluorescent samples were mounted
with ProLong Gold Antifade Reagent with 4’,6-diamidino-2-phe-
nylindole (DAPL Life Technologies) and mounted in Mowiol
with 2.5% 1,4-diazabicyclo[2.2.2]octane (DABCO; Sigma).

3. Results

(a) Wnt and Fzd gene expression during the period of

early sensitivity to movement
The Wnt signalling pathway is complex, with multiple alterna-
tive ligands and receptors encoded by large gene families. To
assess which Wnt ligand and Fzd receptor components are
present within mechanosensitive tissues of the developing
skeletal rudiment at the time of sensitivity, we analysed
previously generated and verified transcriptomic data
(ArrayExpress E-MTAB-1745 and E-MTAB-1746; [10]) for the
developing humerus and associated joints of mouse at the
earliest time point when phenotypic effects of immobilization
are clearly observed (TS23 (E14.5)). Transcripts for 11 out of
19 Wnt ligand-encoding genes and all 10 Fzd receptor genes
(Fzd1-10) were detected (average read count greater than 5)
(figure 3a). Among Wnt genes, Wnt5a was by far the most
abundantly expressed, with relatively high levels of Wnt5b,
Wnt9a, Wntll and Wnt4 transcripts; all are genes previously
associated with skeletal development [22,35-37]. The
more surprising finding was similarly detectable levels of
Wnt2 and Wnt2b transcripts in the normal transcriptome,
upregulated in the immobile mutant (figure 3a).

The transcriptomic data indicated which Wnt and Fzd
genes are expressed and the relative levels of expression in
the skeletal rudiments at this time. To reveal the spatial localiz-
ation and relationship with tissues that are sensitive to
alterations of movement, we carried out in situ hybridization
for genes with the highest read counts. This revealed localized
expression of Wnt4, Wntba, Wnt9a and Wntll at the joints
(figure 3b; shoulder and digit joints shown); while Wnt9a and

Wntll are expressed through the chondrogenous layers of
the joint line (figure 3b; red arrows), Wnt4 and Wntba are
more localized to peripheral aspects.

Wnt2 and Wnt2b were not detected in the joint, but are
expressed through the hypertrophic zone with high levels of
Wnt2 in the adjacent perichondrium/periosteum (figure 3b).
Wntba showed faint expression in the pre-hypertrophic chon-
drocytes of the humerus, extending into the territory of the
proliferative chondrocytes, while stronger Wntbb expression
was limited to the pre-hypertrophic zone (figure 3b, red
arrows). Note that Wnt2, Wnt2b, Wnt4 and Wnt16 are expressed
at significantly higher levels in muscle-less (immobile) humeri
(*p < 0.05; figure 3a).

Transcripts of all 10 Fzd genes were detected in RNA
extracted from E14.5 mouse humeri and generally at higher
levels than Wnt genes (figure 3a). However, using in situ hybrid-
ization, specific patterns of RNA localization were only detected
for Fzd3 and Fzd6, recording novel patterns for these genes in the
joint region (figure 3c). Both genes were detected in the periph-
eral regions of both shoulder joints and elbow joints (figure 3c;
black arrows), while Fzd3 was also detected in the perichon-
drium of the scapula (green arrow) and Fzd6 through the
chondrogenous layers at the shoulder joint (red arrow).

(b) Canonical Wnt activity at the joint is lost in
immobilized embryos while BMP signalling

expands

The gene profiling work identified which Wnt and Fzd genes
are active at the developing joint and can potentially contribute
to Wnt activity. To directly assess Wnt pathway activity during
the early period of sensitivity, embryos from the reporter mouse
line TCF/Lef: H2B-GFP [30] were analysed (figure 4a). GFP-
positive cells, indicative of canonical Wnt activity, are clearly
visible in the muscle and ectoderm of the forelimb
(figure 4a(i)). Canonical activity in joint cells is only visible at
higher magnification (figure 4a(ii)), within the joint inter-zone
(red arrow), in cells of the chondrogenous layers (square
bracket) and in scattered cells in the subchondral zone of the
rudiment (red arrowhead). Elsewhere in the rudiment, scat-
tered GFP-positive cells are seen in the hypertrophic zone
(figure 4a(iii)) and the perichondrium (not shown). Another
indication of canonical Wnt activity in the mouse is nuclear
accumulation of B-catenin (figure 4b), which corroborated the
findings with the reporter mouse, showing enhanced staining
at the joint line in wild-type embryos (figure 4b, left column,
red arrows). In immobile Pax3°"¥5" (muscle-less) forelimbs,
detectable B-catenin protein is lost at both the shoulder and
elbow joints (figure 4b, right column, red arrows). Contrast-
ingly, perichondral detection of B-catenin and staining in
scattered subchondral cells were not lost in muscle-less embryos
(figure 4b, black arrows).

We have previously shown that BMP signalling is expanded
across the joint in immobilized chick embryos and muscle-less
mouse mutants ([26]; figure 4c). BMP activity, as detected
by pSMAD1/5/8 immunoreactivity (both fluorescence and
colorimetric), is observed across the articular region in the
Pax3°""/5P muscle-less mutant mouse ( figure 4c). Contrastingly,
PSMAD1/5/8 is restricted to the subchondral cartilage at a dis-
tance from the joint line in wild-type littermates (figure 4c,
green open bracket). In the mutant, there is no clear distinction
between the chondrogenous layer and the subchondral territory
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Figure 3. Wnt ligand and Fzd receptor-encoding genes are expressed during the early period of sensitivity to movement. (a) Relative expression levels (read counts)
in the developing humerus and assodiated joints at T523 (E14.5) in wild-type and Pax3*#**? muscle-less mutants identified by RNA sequencing (RNA-seq) (n = 3);
(*, differentially expressed, p < 0.05). Note that two different scales are represented on the y-axis, below and above 1000 reads, as indicated. (b) Wnt ligand genes
are expressed in wild-type shoulder and digit joints and the mid-diaphysis of the humerus as indicated. Black arrows indicate expression localized peripheral to the
joint; red arrows indicate expression through the joint line. Lower panel, mid-diaphysis; black arrows indicate expression in the hypertrophic zone with strong Wnt2
expression in the adjacent perichondrium/periosteum. Red arrows indicate the pre-hypertropic zone. (¢) Fzd3 and Fzd6 are expressed peripheral (black arrows) to the
shoulder and elbow joint, and Fzd6 within the joint line (red arrow); dashed lines indicate elbow joint line. Fzd3 is also expressed in the perichondrium of the

scapula (green arrow). (d) Schematic summarizing Wnt pathway component gene expression in the joint. Scale bars, 100 m.

seen in the normal joint (figure 4c; orange bracket), together
with expansion of the territory of BMP activity across the joint
region (figure 4c, right-hand columns). Taken together, these
data reveal that the absence of movement leads to a loss of
canonical Wnt activity at the joint line, and a simultaneous
expansion of BMP activity across the joint territory, indicating
a reciprocal relationship between regulation of these two key
signalling pathways, coordinated by movement.

(c) Ectopic activation of the canonical Wnt pathway
inhibits chondrogenesis and enlarges the
joint territory

Canonical Wnt activity is reduced in the developing shoulder
and elbow joints in response to immobilization while joint

tissues are mis-specified, resulting in partial cartilage fusion
across the joint [4,5]. A number of mouse mutant lines show
that reducing canonical Wnt signalling at the joint also leads
to joint fusions, albeit with milder phenotypes than immobiliz-
ation [23,24]. To further test the functional relationship between
altered canonical Wnt activity and joint mis-specification, we
sought to over-activate canonical Wnt signalling, with particu-
lar focus on the joint. We predicted that over-activation would
result in an expanded joint territory. To over-activate canonical
Wnt, we microinjected and electroporated an expression con-
struct encoding a constitutively active form of the essential
pathway mediator B-catenin (B-catenin—Tcf fusion protein,
into chick forelimb; figure 2b). The fusion protein is capable of
binding to the control regions of canonical Wnt pathway
target genes and activating expression independent of signal
transduction (B-catenin stabilization). The construct was
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able 3-catenin (red arrows) at the joint line (dashed line). Black arrows indicate detection in scattered cells adjacent to the joint and perichondrium. (c) Fluorescence
(i) and colorimetric (i) immunolocalization of pSMAD1/5/8 in the wild-type and Pax3*#*** mutant elbow joint (dashed line indicates joint line). Red and black
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hypertrophic zone; h, humerus; r, radius; ul, ulna.

verified to activate reporter gene activity under TCF/Lef-bind-
ing site control in transient transfection assays (not shown); the
fusion protein is localized to the nucleus in electroporated
limb bud cells (figure 2d) and leads to increased expression of
the target gene Sfrp2 at the joints of electroporated limbs
(figure 5c). The construct was co-electroporated with a GFP-
encoding plasmid into the right forelimb of 124 chick embryos
at E5 in ex ovo culture in 23 independent experiments. To exam-
ine the effect of expression of the B-catenin—Tcf fusion protein
on the pattern of skeletogenesis, expression of the collagen
type 2 alpha 1 (Col2al) gene was detected by in situ hybridiz-
ation, OPT scanned and reconstructed in three dimensions
(figure 5). For comparison, the normal skeletal pattern was
examined across stages HH26-HH30 (E5-E7) (figure 54; elec-
tronic supplementary material, movie S1 and figure S1). The
skeletal pattern was examined in limbs electroporated with
the PB-catenin—Tcf fusion protein (experimental limbs)
(figure 5d), in control limbs sham-electroporated with the

GFP-expressing construct only (figure 5b) and in contralateral
24h post-
electroporation (figure 5d ). GFP visualization revealed targeted

non-electroporated limbs of each embryo,
cells and showed wide variation in their location and extent
(figure 5d (i, upper images)). The sham-electroporated limbs
showed no difference in the stage or pattern of skeletogenesis
compared with contralateral control limbs in each case
(figure 5b; electronic supplementary material, table S2), there-
fore confirming that electroporation alone was not responsible
for the observed skeletal effects. A variety of alterations to the
skeletal pattern were visible in chick embryos expressing -cate-
nin—Tecf fusion protein (figure 5d; electronic supplementary
material, table S3). The alterations observed included the
absence of entire skeletal rudiments (such as the radius and/
or ulna missing in specimens 1 and 7; orange circles), interrup-
tions within a rudiment (ectopic joints) (specimens 2 and 4;
green arrowheads) and reductions in the size of skeletal
elements (specimens 3, 5 and 6; red arrowheads) (figure 5d).
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alities, despite successful electroporation of the GFP reporter. (c) The Wnt target gene Sfrp2 is upregulated at joints in electroporated limbs. Bright field (left) and
3D reconstructions (right) of Sfrp2 expression in an HH27 non-electroporated (non-EP) forelimb (FL) and EP forelimb from the same specimen. Red ovals highlight
upregulation of elbow joint Sfrp2 gene expression. Scale bars, 100 wm. (d) Three-dimensional analysis of Col2al expression in (3-catenin—TCF fusion protein
electroporated (EP) forelimbs (i) compared with contralateral non-electroporated (non-EP) limbs (ii) in seven independent specimens. Top row: two-dimensional
GFP visualization of whole EP limbs shows the distribution of expressing cells. For each EP limb, the middle panels show lateral views of 3D reconstructions of
(ol2aT expression data, volume rendered following OPT scanning (expression appears white/grey). Lower elements are surface representations of Co/2a7 expression
(yellow denotes expression territory). Orange circles indicate the observed absence of skeletal elements in EP limbs, in comparison with contralateral non-EP limbs.
Note especially the absence of entire elements in specimens 1 and 7 (radius and/or ulna). Red arrowheads indicate reduced elements; green arrowheads, inter-
rupted elements (compare EP and non-EP in each case). Scale bars, 200 pm. s, scapula; h, humerus; u, ulna; r, radius; ¢, carpal; m¢, metacarpal; p, phalanges; sj,
shoulder joint; ej, elbow joint.

In each case, the location and severity of the alteration grossly
corresponded to the location and extent of exogenous
expression, e.g. the mild alteration in specimen 3 corresponded
to low GFP levels (figure 5d).

Specimens 5, 6 and 7 expressed B-catenin-Tcf fusion
protein in the region of the elbow joint (figure 6a—c, respect-
ively) or additionally in the shoulder joint (specimen 6;

figure 6b). Enlargement of joint territories (separation

between Col2al expression) was seen in both elbow and
shoulder joints expressing activated B-catenin fusion protein
compared with control contralateral limbs (figure 6; compare
electroporated (EP) limbs and non-EP limbs, red arrows),
coincident with ectopic activation. All three specimens
showed fusion construct expression in the elbow region
coincident with joint expansion. The shoulder joints of two
specimens show no difference in joint size (figure 6; yellow



@ specimen 5 @

EP limb non-EP limb EP limb

=
g
=
Q
L
o
=
z

shoulder

specimen 6

@ specimen 7

non-EP limb !  EP limb non-EP limb

Figure 6. Ectopic activation of canonical Wnt signalling expands the joint region. Three-dimensional analysis of Col2aT expression in [3-catenin—TCF fusion protein
electroporated (EP) forelimbs in three independent specimens ((a—¢); left column of each), compared with contralateral non-EP limbs (right column). Specimen numbers
correspond to specimens presented in figure 5d. Whole-limb images of GFP expression in EP limbs show transgene expression (GFP); lateral views of surface representations
of Col2a1 expression domains following 3D OPT reconstructions for three specimens (yellow denotes expression territory). Higher-magnification boxes indicate shoulder
and elbow joint regions in EP and non-EP limbs (white denotes expression territory). Red arrows in the joint space indicate expansion of the joint territory in the EP limb
compared with the non-EP limb (distance between (ol2a7-expressing elements). Yellow arrows indicate no difference in the joint. Scale bars, 200 um.

arrows), but no GFP-positive cells were detected in the
shoulder region. To ensure that whole-mount observations,
as shown in figure 6, do not misrepresent joint spacing
owing to the viewing angle, 3D data were analysed
thoroughly through comprehensive virtual serial sections,
which confirmed enlargement of the joint territories in each
case (example shown in electronic supplementary material,
figure S2). A corresponding expansion/upregulation of
the expression domain of the Wnt target gene Sfrp2 was also
seen in the elbow joint region (n = 2) following B-catenin-
Tcf fusion protein electroporation (figure 5¢), further supporting
the altered joint phenotype subsequent to Wnt pathway
activation.

In the absence of movement, cells within the joint line
ectopically express the transient cartilage marker Col2al
(figure 7a(i)), coincident with the loss of joint-specific markers
[3,5], the loss of canonical Wnt pathway activity and the expan-
sion of BMP activity. Also, it was clear from our gene expression
analysis on mouse forelimb sections that multiple Wnt pathway
component genes are expressed in territories peripheral to the
elbow and shoulder joints: Wnt4, Fzd3 and Fzd6 in particular,
but also partial overlap with Wntba, Wnt9a and Wnt1l (cf.
§3a), although no canonical Wnt activity was detected in these
peripheral cells (cf. figure 4, and not shown). We previously
showed expression of the Wnt modulator Sfrp2 in peripheral

cells [10]. We therefore sought to specifically examine changes
in gene expression in these peripheral cells under reduced mech-
anical stimulation. In muscle-less mutant mouse embryos
(Pax3°PY/5P4y there is a clear increase in the expression of path-
way components Wnt4 and Sfrp2 in the peripheral margins of
verified by quantitative reverse transcriptase PCR (qQRT-PCR);
Wnt4 and Sfrp2, 4.5-fold in the sub-dissected elbow joint;
Sfrp2, 3.38-fold in whole humerus). Further examination by his-
tological staining in mouse forelimbs revealed an enlargement
of the territory of peripheral cells in the muscle-less mutant com-
pared with the wild-type, accompanied by an apparent increase
in cellular density of this territory with immobilization
(figure 7b). The absence of muscle in the mutant is clear and
this joint peripheral region is negative for muscle- and tendon-
specific antibody staining (not shown). The expansion of the
territory, and of the expression of Wnt pathway components
Wnt4 and Sfrp2 in this region, indicates the potential importance
of these cells in aspects of Wnt-mediated control of joint
development, impacted by mechanical stimulation from
movement.

Here we investigated a central role for Wnt signalling as a
mediator of biophysical signals produced by embryo move-
ment in the developing limb skeleton, particularly at the
joint. We expand knowledge of which Wnt pathway com-
ponent gene transcripts are localized in the joint and
rudiment territories during the period of sensitivity to move-
ment, using transcriptomic data to indicate the full catalogue
of transcript levels and building on this using in situ
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Figure 7. Increased/expanded expression of Wnt pathway component genes in the peripheral territory of the joint in muscle-less mutants. (a) Expression of the
(ol2aT gene (i) and of Wnt pathway components (Wnt4 (ii) and Sfrp2 (iii)) were compared in the shoulder and elbow joints of wild-type and Pax3*% mutants at
T523. The mutant shows reduced separation of (o/2a7-expressing territories at the shoulder and elbow (red arrows in (i)), compared with wild-type (black arrows in
(i)). Upregulation of the expression of Wnt pathway genes Wnt4 and Sfrp2 was observed in tissue peripheral to the shoulder and elbow joints (black arrows in (ii);
red arrows indicate joint line expression). (b) Histological staining using Mallory’s Trichrome shows the peripheral territory of the elbow joint in wild-type and

Pax3*”*** mutants; outlines indicate regions shown in higher-magnification images in the bottom row. (c) Schematic indicating the peripheral joint territories

in the shoulder (sj) and elbow joints (ej). Scale bars, 100 m; scale bar on the first panel of (a(i)) is indicative of all in (a).

hybridization for the most abundantly expressed genes to
reveal the relationship with tissue changes in the immobile
mutant. In addition to previously known Wnts associated
with the developing joint, it revealed novel expression of
Fzd3 and Fzd6 at the developing joint and Wnt2 and Wnt2b
within the skeletal rudiment. The examination of spatial gene
expression also highlighted, in particular, populations of cells
at the peripheral margins of elbow and shoulder joints where
several Wnt and Fzd genes are expressed in overlapping pat-
terns, territories that are expanded in the immobile mutant.
We show in greater detail which cells at the joint are actively
responding to canonical Wnt signalling and the loss of this
activity specifically at the joint line in the absence of limb move-
ment, coincident with expansion of BMP signalling across the
joint. This further illuminates the reciprocal relationship
between mechanically regulated Wnt signalling and BMP sig-
nalling recently revealed [26]. Given the phenotype observed in
immobile embryos of loss of joint-specific territories and fusion
of Col2al-expressing regions across the joint, concomitant with
loss of Wnt signalling, we predicted that if Wnt is central to the
immobilization phenotype, expansion of Wnt signalling would
conversely lead to expansion of joint territories. We found this
to indeed be the case when the pathway was ectopically acti-
vated in electroporated cells of the developing elbow and
shoulder joints of the chick embryo. This provides functional
evidence that supports the proposed role of canonical Wnt sig-
nalling in mediating mechanical regulation of tissue patterning
at the limb joint.

Work to date has clearly demonstrated that mechanical
stimulation generated by muscle contraction is required for
multiple aspects of skeletal development (summarized in
figure 1). It was previously shown that canonical Wnt pathway
activity is generally downregulated at developing elbow joints

of muscle-less mouse embryos [3], and we elaborate this find-
ing using the GFP reporter mouse (TCF/Lef : H2B-GFP [30]) to
show in more detail which cells are actively responding
during the period of sensitivity. We find that, in immobile
embryos, canonical Wnt pathway activity, reflected in nuclear
B-catenin accumulation, is specifically lost within the inter-
zone of the elbow and shoulder joints, while it is still detectable
in scattered cells in adjacent territories, namely the perichon-
drium and subchondral rudiment. To further illuminate
which components of the Wnt pathway machinery might be
involved in interpreting these mechanical cues, we screened
all Wnt- and Fzd-encoding genes for expression, at a time
when the tissues are first sensitive to mechanical stimulation,
revealing a number of novel findings. Firstly, all four Wnt2
and Wnt5 paralogous pairs of genes are expressed at and
near the primary ossification site, opening the intriguing possi-
bility that these duplicated gene pairs [38] have distinct but
related functions during ossification; while Wnt5 paralogues
have previously been shown to have distinct functions in chon-
drocyte proliferation and hypertrophy [22], Wnt2 genes have
not previously been implicated. Wnt2 expression was detected
in adult osteoblasts [39], but the novel description of Wnt2 and
Wnt2b expression at the hypertrophic zone and their increased
level of expression in immobilized embryos implicates Wnt2
genes for the first time in endochondral ossification and
specifically in its mechanoregulation.

It is striking that while Wnt ligand-encoding genes
showed generally lower levels of transcripts than Fzd
receptor-encoding genes in RNA extracted from the whole
skeletal rudiment, specific Wnt genes are more readily detected
inlocalized patterns of expression in the emerging tissues, indi-
cating higher levels of expression in spatially restricted cells.
Although transcripts for all 10 Fzd genes were present at
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Figure 8. Schematic summarizing alterations at the elbow joint in immobile embryos, including altered Wnt and BMP signalling and expression of Wnt pathway
genes in territories peripheral to the joint. With normal embryonic movement, canonical Wnt signalling (nuclear 3-catenin) is localized largely to the joint line and
future regions of articular cartilage as well as scattered cells in subchondral regions and at the perichondrium of each rudiment (red dots). BMP activity (pSMAD1/5/8)
is detected at a distance from the joint line (yellow dots). With immobilization, articular zone (3-catenin detection is specifically lost, and pSMAD1/5/8 detection
spreads across the presumptive joint regions, where joint fusion occurs. In addition, a territory peripheral to the joint shows increased/expanded expression of Wnt
pathway genes in immobile embryos, highlighting a possible impact on a source of joint progenitor cells.

relatively high levels, only Fzd3 and Fzd6 RNA was detectable
in localized patterns, specifically at the joint, implicating these
receptor-encoding genes for the first time in Wnt regulation of
joint development. Fzd3 was previously detected in mouse
tibia at E18.5 and implicated in non-canonical Wnt/PCP regu-
lation of chondrocyte proliferation [40] but not previously
associated with joint development. We found that Fzd6 is
uniquely detected in the chondrogenous layers of the joint at
this stage (figure 3c).

Another novel finding is the overlapping expression of
several Wnt and Fzd genes in cells peripheral to the joint.
Expression of Wnt4 and Sfrp2 is relatively extensive here,
while Wntba, Wnt9a, Wnt11, Fzd3 and Fzd6 expression overlaps
in more restricted domains (figure 34). In muscle-less mutant
mouse embryos, the expression of Wnt4 and Sfrp2 in these ter-
ritories is increased and expanded, and histological staining
indicated that the territory is enlarged in the mutant compared
with the wild-type (figure 7). A number of studies have shown
that cells migrate from outside the joint inter-zone after
specification to contribute to joint tissues, in particular,
lineage-tracing studies using Dil and fate mapping of Col2a1-
and Gdf5-expressing cells [16,19,41,42]. A novel constant
influx model of joint development was elaborated by Shwartz
et al. [20] using a knock-in Gde—CVeERT2 mouse and a range of
tamoxifen pulse—chase timings in the joint over time. They
noted the presence of Gdf5-expressing cells, initially outside
the forming joint territory, and their subsequent contribution
to the menisci, ligaments and epiphyseal and articular carti-
lages. This concept is also supported by surgical experiments
where excision of a ‘window’ within the joint, leaving strips
of adjacent tissue, can result in joint regeneration [43]. It is an
attractive possibility that under reduced mechanical stimu-
lation, peripheral cells fail to migrate to the joint territory,
contributing to the immobilization phenotype (absence of
joint-specific tissues). The expression of multiple Wnt pathway
genes in the peripheral territory suggests that these cells might
be primed to contribute to joint-specific Wnt signalling.

Precise spatial localization of Wnt and BMP signalling at
the joint has previously been demonstrated, where BMP signal-
ling is synonymous with transient cartilage formation of
the skeletal rudiment and Wnt signalling is restricted to the

future joint, where permanent articular cartilage forms [19].
We previously highlighted that while inactivation of canonical
Wnt signalling at the joint leads to inappropriate expression of
Col2al [18,24], these phenotypes are less severe than the joint
fusions observed in both mouse and chick following immobil-
ization [26]. We therefore examined alteration to BMP
signalling following immobilization and showed that whereas
PSMAD1/5/8 is normally restricted at a distance from the
joint, it spreads across the joint site in immobilized embryos.
Here, we elaborate the impact of immobilization on the canoni-
cal Wnt pathway and show that activity is lost specifically in
the joint, with activity maintained in the adjacent perichon-
drium and scattered cells in the subchondral region. Our
previous computational modelling of biophysical stimuli gen-
erated by limb flexion/extension predicted peak levels of
octahedral strain and stimulus at the extreme tips/joint inter-
faces of the humerus at TS23 [44] and dynamic cycles of
hydrostatic pressure in the inter-zone [45]. Figure 8 summar-
izes the effects on Wnt and BMP signalling we observe at the
elbow joint, emphasizing the reciprocal, coordinated effects
on these essential signalling pathways. Although we as yet
do not know the mechanism through which biophysical
stimuli regulate these signalling outputs, we have identified
particularly interesting candidate intermediaries through the
genes that are dis-regulated following immobilization: while
a negative regulator of Wnt signalling, Sfrp2, is strikingly upre-
gulated at the joint line in immobilized embryos (figure 7),
negative regulators of BMP signalling, Smurfl and Smurf2,
are downregulated in subchondral regions [26]. We propose
that the effects of immobilization on the joint are the result of
multiple alterations in a coordinated system where contri-
bution of progenitor cells from the periphery is disturbed as
well as signalling activity within and close to the joint
(figure 8).

Mechanical stimulation is required for the correct coordi-
nation of spatial territories of BMP and Wnt signalling
activities at the joint, and while immobilization leads to joint
fusions, hypermobilization causes joint expansion [46]. To
further test a proposed central role for canonical Wnt signalling
in the mechanically sensitive specification of joint tissues, we
predicted that if canonical Wnt signalling was increased/



expanded at the joint, it would lead to joint enlargement. Using
transient expression of a constitutively activated
B-catenin fusion protein in the elbow or shoulder regions of
electroporated chick embryos, we showed this to be indeed
the case (figure 6). While it was challenging to precisely
direct expression to the joint in these experiments, through
monitoring the site of ectopic expression (GFP) and thorough
phenotypic analysis of the whole emerging limb skeletal
pattern using 3D imaging in large numbers of individual speci-
mens, we confirmed the anti-chondrogenic effect when
canonical Wnt signalling is activated within the rudiment
(figure 5; [23]) and, in a number of specimens with ectopic acti-
vation specifically at the joint, we found expansion of the joint
territory. This joint expansion is accompanied by increased
expression of Sfrp2 specifically in this region (figure 5c), corro-
borating the proposed central role of Sfrp2 regulation (which is
mechanosensitive, figure 7; [10]) in defining the joint territory.
A priority for future work is further characterization of cellular
and molecular characteristics within expanded joint regions
following ectopic Wnt activation and hypermobilization [46].
Although technically challenging given the difficulty to specifi-
cally target ectopic activation to the joint, it would be
interesting to test if we can rescue the immobilization pheno-
type through forced activation of canonical Wnt and how
this has an impact on BMP/pSMAD activity to further explore
the reciprocal relationship between the signalling pathways.

The chick limb electroporation studies were challenging in
a number of respects, including the difficulty of precise spatial
targeting and variability in the extent of transgene expression.
This means that each individual embryo represents a unique
situation. Nevertheless, the same finding of joint expansion
upon transgene expression was repeated across all relevant
specimens. DNA uptake and expression appeared to be
achieved more readily in cells lying outside the condensed
mesenchyme at the core of the limb bud (not shown), which
is possibly a consequence of the stage at which electroporation
was carried out (E5). Stable integration at earlier stages
combined with the use of tissue-specific promoters may
give better targeting of ectopic activation, making rescue
experiments more feasible.

This experimental approach specifically explores the role
of canonical signalling in the mechanically sensitive process
of joint patterning; however, non-canonical Wnt signalling
is also implicated through the expression of genes typically
viewed as non-canonical, such as Wntba and Wntll, two of
the most highly expressed genes shown here. The non-canonical
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