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Abstract

Heterozygous missense mutations in several genes in the WNT5A signaling pathway cause autosomal dominant Robinow
syndrome 1 (DRS1). Our objective was to clarify the functional impact of a missense mutation in WNT5A on the skeleton,
one of the main affected tissues in RS. We delivered avian replication competent retroviruses (RCAS) containing human
wild-type WNT5A (wtWNT5A), WNT5AC83S variant or GFP/AlkPO4 control genes to the chicken embryo limb. Strikingly,
WNT5AC83S consistently caused a delay in ossification and bones were more than 50% shorter and 200% wider than controls.
In contrast, bone dimensions in wtWNT5A limbs were slightly affected (20% shorter, 25% wider) but ossification occurred on
schedule. The dysmorphology of bones was established during cartilage differentiation. Instead of stereotypical stacking of
chondrocytes, the WNT5AC83S-infected cartilage was composed of randomly oriented chondrocytes and that had diffuse,
rather than concentrated Prickle staining, both signs of disrupted planar cell polarity (PCP) mechanisms. Biochemical assays
revealed that C83S variant was able to activate the Jun N-terminal kinase-PCP pathway similar to wtWNT5A; however, the
activity of the variant ligand was influenced by receptor availability. Unexpectedly, the C83S change caused a reduction in
the amount of protein being synthesized and secreted, compared to wtWNT5A. Thus, in the chicken and human, RS
phenotypes are produced from the C83S mutation, even though the variant protein is less abundant than wtWNT5A. We
conclude the variant protein has dominant-negative effects on chondrogenesis leading to limb abnormalities.

Introduction
In this study we explore the connection between WNT
(Wingless-related) signaling and a human disease, Robinow
syndrome. The syndrome was originally described in 1969 in
a family that had short stature (1). Eventually, the genetic
mutations were identified starting with the receptor ROR2 in
recessive Robinow syndrome (OMIM#268310) (2–4). Subsequently

the dominant forms of Robinow syndrome (DRS) were diagnosed
and these patients either had missense or non-frameshift
mutations in WNT5A ligand (dominant Robinow syndrome 1,
OMIM#180700) (5–7), missense and truncating variants in the
Frizzled 2 receptor (FZD2) (7) or nonsense frameshift mutations
in intracellular signal transduction protein Dishevelled (DVL;
DRS2, DVL1 OMIM#616331; DRS3, DVL3 OMIM#616894) (7–10).

https://academic.oup.com/
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Recently a canine version of Robinow-like syndrome was
reported to be caused by similar frameshift mutations in
DVL2 (11).

All forms of RS are characterized by skeletal dysplasias
affecting primarily the face and limbs (5–9,12). Patients typically
present with short stature and mesomelic (middle bones) limb
shortening. There are many possible steps in development that
could cause limb shortening. There may be early effects on limb
bud outgrowth caused by decreased proliferation, later effects
on chondrogenesis and finally, precocious maturation of the
growth plate. We can rule out the last explanation since patients
have shortened limbs from birth and yet they continue to grow
postnatally. If the early outgrowth of the limb bud were inhibited,
there would be more severe phenotypes including phocomelia
(agenesis of bones). In DRS, there appears to be a defect in WNT
signaling that targets the middle stages of skeletogenesis, after
chondrogenesis has initiated.

WNT signaling is a conserved pathway in metazoan animals.
This pathway is involved in many aspects of embryonic devel-
opment, such as regulating cell fate, cell migration, cell polarity
and organogenesis (13,14). WNTs are short-range, secreted gly-
coproteins that are post-translationally modified by receiving a
lipid palmitoylation chain at cysteine 104 and are glycosylated
(15). Upon WNT ligand binding to its receptors, a cascade of
intracellular events are triggered, often involving recruitment of
activated DVL adaptor protein to the receptors. Depending on
the receptors involved signaling will be directed to the β-catenin-
dependent pathway (canonical) or β-catenin-independent (non-
canonical), planar cell polarity (PCP) or calcium pathways (16). Of
the 19 different WNT ligands, it is not always possible to predict
which pathway will be stimulated since there are 10 different
Frizzled receptors and multiple co-receptors (16–18).

WNT5A is thought to signal primarily via the Jun N-terminal
kinase-PCP (JNK-PCP) pathway, which mediates tissue polarity
(19). It involves the participation of membrane proteins such as
VANGL, as well as intracellular proteins such as PRICKLE and DVL
(13,20). The activation of the PCP pathway leads to stimulation
of Rho and Rac GTPases. The small GTPases phosphorylate JNK,
which leads to transcription of activating transcription factor
2 (ATF2), leading to the rearrangement of actin cytoskeleton
(21). The loss of PCP genes such as Vangl2 or Prickle causes
chondrocytes to lose their orientation (22–26). We hypothesized
that the missense mutations in WNT5A would affect PCP in the
cartilage and that the biochemical defects would lie in the JNK-
PCP non-canonical signaling pathway.

Detailed studies of the role of Wnt5a in skeletogenesis have
been made in the mouse model, offering some insights into the
tissue requirements for Wnt5a. Germline knockouts of Wnt5a
do not survive beyond birth. Embryos have major shortening of
the body axis, appendicular skeleton and jaws (19,26–28). There
appears to be disruption of chondrocyte polarity in the mutant
mice (23,29).

Conditional overexpression of Wnt5a also causes moderate
shortening of the long bones (27) and a delay in ossification
in both intramembranous and endochondral bones (30). Using
retroviral misexpression of gallus WNT5A in chicken limbs, there
was a general shortening of posterior skeletal elements in the
autopod and zeugopod (31,32). Thus, gain- or loss-of-function of
WNT5A has profound effects on skeletal development, some of
which resemble those caused by DRS mutations.

The functional impact of missense mutations in human
WNT5A has only been studied twice. The C83S and C182R
variants were studied in Xenopus and zebrafish embryos by
others (5) and in the mandible of chicken embryos by our group

(33). The authors of the first report on the WNT5A missense
variants ruled out the possibility of WNT5A variants acting as
a dominant negative mutation and instead suggested that the
mutations are having a hypomorphic affect based on functional
expression experiments in zebrafish and Xenopus embryos
(5). Mutant WNT5A phenotypes were less extreme compared
to either wild-type- or dominant negative-WNT5A zebrafish
embryos (5). However, their data from overexpression could also
be the result of over-activation of the non-canonical pathway
leading to disruption of convergent extension, rather than the
effect of a less active form of WNT5A. Overactivation of the non-
canonical pathway impacts convergent extension indirectly, as
seen with data from others (34,35). In order to determine effects
of the missense mutations in WNT5A it is important to carry
out functional assays on the skeleton because this is the major
tissue affected in RS.

We therefore carried out the present study to explore the
effects on limb development. Limb mesenchyme is derived
from lateral plate mesoderm (36) as opposed to the facial
mesenchyme which is largely neural crest cell derived (37).
Furthermore, in the limb, bone forms by endochondral ossifi-
cation whereas in the mandible cartilages persist to adulthood
(38). Here we use the chicken model to misexpress wild-type
or C83S variant human WNT5A in the limb bud over top of the
gallus genome. Using this strategy, we can distinguish mutations
that cause a loss-of-function from those that result in a gain
of activity. In addition, comparison to the wtWNT5A gene will
allow us to distinguish general effects of raising the level of
WNT5A expression on the skeleton from those of the mutation.
The chicken is an appropriate model because the patterning
molecules involved in limb outgrowth and skeletal formation
are conserved with mammals (39–41). In our study, we find
that there are skeletal phenotypes uniquely associated with
the expression of mutant WNT5A. In addition, biochemical
work revealed a gain in JNK-PCP under certain contexts, and
an inability to antagonize canonical WNT signaling. Finally,
unexpectedly we determined that mutant protein is synthesized
and secreted at lower levels than wild-type protein.

Results
Human WNT5A mutation causes wider and shorter
skeletal elements in the chicken limb

To investigate the effects of WNT5A mutations on limb develop-
ment, we compared the effects of expressing wtWNT5A to one
of the six pathogenic variants of WNT5A that cause RS (NCBI,
ClinVar database). We selected the NM 003392.4 variant which
converts G at bp248 to a C resulting in conversion of cysteine 83
to a serine. This variant was studied by us in the mandible and
had the most penetrant phenotypes (33). Results of the exper-
imental viruses were compared to the GFP or AlkPO4 control
viruses which do not affect development (33). Injections in to
the limb field were carried out at stage 15 in order to maximize
infection of the chondrocyte progenitor cells (36). Virus RNA lev-
els were lower for WNT5AC83S as compared to wtWNT5A initially,
48 h after injection but by 96 h the levels of expression were
similar since the virus is replication competent. In quantitative
polymerase chain reaction (qPCR) experiments carried out on
bulk limb bud RNA, wtWNT5A RNA was 65-fold higher than
WNT5AC83S after 48 h (��CT, n = 4, SEM = 28, P = 0.001). By 96 h,
wtWNT5A was 6.4-fold higher than WNT5AC83S (N = 4, SEM = 3,
P = 0.03). In order to determine the ultimate phenotype caused by
the viruses, animals were grown until endochondral ossification
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Table 1. Skeletal phenotypes observed at in stage 38 limbs stained in wholemount

Injected virus
(total n)

Normal Stylopod and/or zeugopod
abnormalitiesa

Delayed or absent ossification in
any boneb

RCAS::GFP (n = 22) 22 0 0
RCAS::wtWNT5A (n = 12) 2 10 0
RCAS::WNT5AC83S (n = 17) 0 17 16

a Abnormalities include shorter and bent bones.
b Ossification phenotypes occur concurrently with bone abnormalities.

had begun and the full pattern of the limb was present (stage 38,
Fig. 1; stage 36, Figs 2–4). All injections were made into the right
limb since chick embryos turn during development, leaving the
right side uppermost.

There were several possible outcomes for these experiments.
If the missense mutations removed all function, then the phe-
notypes of the mutant WNT5A viruses should resemble GFP or
AlkPO4 controls. If the phenotypes were similar to but not as
strong as for wtWNT5A then the mutations may be hypomorphic
(reduced function). If the phenotypes caused by mutant viruses
resembled wtWNT5A but are more severe, then the mutations
may cause a gain-of-function. Finally, if the mutant viruses
induced unique phenotypes, not represented in the wtWNT5A-
infected limbs, then this would suggest more complex functional
alterations that need further elucidation. We confirmed that the
human WNT5A genes were expressed using qPCR with human-
specific primers and that gallus WNT5A expression levels were
not changed as a result of the exogenous gene (data not shown).

Limbs injected with GFP virus were indistinguishable from
the contralateral, uninjected side (Fig. 1A and A’). The wtWNT5A
virus reduced the ulnar length by 20% and increased the diame-
ter by 28% (Fig. 1A, B’, D and E; Table 1). In contrast, the C83S virus
caused major shortening of the limb and delayed osteogenesis in
the majority of limbs (ulna 60% shorter and 55% wider; Fig. 1C–E,
Table 1). The absence of ossification in some bones (Fig. 1C’) was
likely correlated with higher levels of virus expressed in certain
cartilage primordia. In order to specifically correlate the areas
with phenotypic changes and the presence of the retrovirus,
the subsequent characterizations were done at the histological
level. We allocated sections from each embryo for staining with
anti-GAG antibody that recognizes the viral coat (Fig. 2A’, B’ and
C’ and 3A–F insets; Supplementary Material, Fig. S2A, C and E).
In the sagittal plane, limbs infected with wtWNT5A contain-
ing virus, had slightly disorganized cartilage in the diaphysis
(Fig. 2Bb) but hypertrophy was taking place as shown by the
COL10A1 antibody staining (Fig. 2B”). In contrast, the ulna of
a WNT5AC83S-infected limb had a much wider diameter and
significantly shorter length (Fig. 2C–E). Differentiation of carti-
lage was delayed (Fig. 2C”) and chondrocytes appeared more
closely packed (Fig. 2C). At stage 36 the lengths of the bones
in wtWNT5A-infected limbs was the same as in GFP controls
(Fig. 2D). In contrast, the WNT5AC83S variant resulted in limbs
that were approximately one-third the length (Fig. 1D) and dou-
ble the anterior–posterior (AP) diameter in the diaphysis (Fig. 1E);
similar to the data obtained from wholemount skeletal measure-
ments.

It appeared that the C83S variant had preferentially increased
growth in the AP dimension but we wondered whether this trend
was also true in the perpendicular, dorso-ventral axis. We sec-
tioned other specimens in the transverse plane (Fig. 3). The epi-
physes from the GFP and wtWNT5A-infected limbs were indis-
tinguishable in terms of dorso-ventral measurements (Fig. 3A, B

and G); however, the C83S variant significantly increased the
diameter of the cartilage (Fig. 3C and G). In the diaphysis, the
majority of GFP-infected limbs had replaced most of the car-
tilage with bone therefore we measured the distance between
the outer edges of the bone collar (Fig. 3D). Both the wtWNT5A
and C83S variants still had cartilage present and both were
significantly wider than GFP controls (Fig. 3E–G). There was no
significant difference in the thickness of the cartilage itself or
the bone collar between the two WNT5A viruses (Fig. 3H). The
skeletal muscles were present in their normal positions but were
proportionately shorter and displaced, especially in the C83S-
infected limbs (Figs 2C and 3F). This lack of muscle patterning
phenotype fits with negative effects of wtWNT5A on muscle
fiber type in chicken embryos (42). The subset of changes caused
by the mutant virus include major shortening of the bones and
preferential widening of the diaphysis in the AP plane. There was
also a delay in hypertrophy of the diaphysis. These phenotypes
are distinct from the wtWNT5A viruses.

WNT5AC83S virus increased cell density specifically in
the diaphysis

The chondrocytes appeared to be smaller and more numer-
ous in the WNT5AC83S-infected cartilage (Fig. 2Cc). This could
be explained by recruiting more cells to the condensation, by
increased proliferation or by a change in the packing of the chon-
drocytes. We quantified DAPI stained nuclei in defined areas in
stage 36 limbs. The cell density was significantly increased in
the diaphysis of the WNTAC83S (Fig. 4C’ and D) as compared to
the control GFP (Fig. 4A’ and D), wtWNT5A (Fig. 4B’ and D; n = 4
per virus type). The higher cell density suggested a less mature
limb which is consistent with the lack of COL10A1 expres-
sion (Fig. 2C”). The density in the epiphyses was unchanged
by the viruses (Fig. 4A”–C” and D). Interestingly, the total num-
ber of chondrocytes over half of the cartilage element was the
same in mutant (C83S), wtWNT5A and GFP controls (Fig. 4E).
Thus, the original number of cells recruited to the condensation
was likely the same in both wtWNT5A and the C83S variant
infected limbs.

Correlation between morphological change in cartilage
and lack of differential cell proliferation across the
cartilage

We asked when the cartilage phenotypes first appeared in
order to understand the mechanism behind the dysmorphic
changes induced by the DRS mutations. We measured the
ulnae at 4 and 5 days post-injection (stage HH29, 30, Fig. 4 and
Supplementary Material, Fig. S1). Initially, the condensations
were equivalent in length for the GFP, wtWNT5A and C83S vari-
ant (stage 29; n = 4; Supplementary Material, Fig. S1A); however,

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz071#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz071#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz071#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz071#supplementary-data
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Figure 1. Skeletal phenotypes caused by injection of RCAS viruses expressing GFP, wtWNT5A or WNT5AC83S. The embryos were injected at stage 15 into the right

forelimb field (inset, A) and fixed at stage 38. (A, A’) Wholemount staining with Alcian blue (cartilage) and Alizarin red (bone) shows the normal bone length (dashed

white lines) and normal AP diameter (arrows). The expression of GFP does not affect patterning or size of the skeletal elements. (B, B’) The right limb is slightly

shorter than the contralateral side and shorter than the GFP-injected limbs. (C, C’) The mutant virus has inhibited bone formation in the radius and humerus

(arrowheads) while the ulna was still able to ossify (arrow). (D, E) Quantification of bone length and AP diameter from photographs. All bones are shorter and

have increased AP diameter compared to GFP control limbs. Tukey’s post hoc, ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. Scale bar = 5 mm. For sample size refer to Table 1.

Key: AP, anterior-posterior; fnm, frontal nasal mass; h, humerus; md, mandible; PD, proximo-distal; r, radius; u, ulna; II, III, IV, digit numbers. For colour version see

Supplementary Material, Fig. S7.

the diameter of the cartilage was wider for the wtWNT5A com-
pared to the other conditions (Supplementary Material, Fig. S1B,
P < 0.02). There were no significant differences in overall
proliferation index at stage 29 within SOX9-positive chon-
drocytes (Supplementary Material, Fig. S2A–G). By stage 30,
the wtWNT5A limbs were shorter than the GFP controls
(Supplementary Material, Fig. S1A) which was carried through
until full ossification (Fig. 1D, Table 1). Signs of the RS phenotype
were present in the C83S variant at stage 30, including
significant shortening and increased AP diameter compared
to GFP (Supplementary Material, Fig. S1A and B). By stage 30,

proliferation differences were seen in both the wtWNT5A and
C83S variant-infected limbs (Fig. 5A–G). The GFP controls had
a significantly lower level of proliferation in the diaphysis
compared to the epiphyses (Fig. 5B and G; P < 0.001). In contrast,
the wtWNT5A and C83S variant had no differential proliferation
between the epiphysis and diaphysis (Fig. 5G). Proliferation
in the diaphyses was significantly increased by both WNT5A
constructs compared to controls (Fig. 5G). Apoptosis was
unchanged (TUNEL at HH29 or HH30, data not shown). Thus,
the mutation did not impair the ability of WNT5A to stimulate
proliferation in the diaphyseal cartilage.

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz071#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz071#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz071#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz071#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz071#supplementary-data
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Figure 2. Mutant WNT5A shortens and widens dimensions of the developing long bone. Embryos were injected into the presumptive limb field at stage 15

(inset in A) and fixed at stage 36. Sagittal sections of injected forelimbs were stained with Alcian blue and Picrosirius red (A–C) and adjacent sections were stained

with anti-GAG to locate the virus in the tissues (A’–C’), or with anti-COL10A1 to mark hypertrophic chondrocytes (A”–C”). (A) GFP virus has no effect on development.

The onset of endochondral bone formation in normal limbs is seen first in the diaphysis (A, A”, white arrows). (B) Wild-type WNT5A virus has minimal effects on limb

development or muscle development, and COL10A1 staining was normal (B”, white arrows). (C) The C83S variant virus causes significantly shorter and wider cartilages

to develop and lacked COL10A1 staining. The limb musculature is present but displaced and shorter than normal. (D, E) The dimensions of the ulna were measured:

(D) length and (E) diameter in AP plane. Mutant WNT5A variants showed significantly shorter length (D) and wider diameter (E) of the developing ulna as compared to

the wtWNT5A virus. One-way analysis of variance (ANOVA), Tukey’s post hoc test, ∗∗∗P < 0.001, n = 4. Scale bar = 1 mm for bright field views and fluorescent images. Key:

Ant, anterior; anc, anconeus; AP, anterior-posterior; edc, extensor digitorum communis; eil, extensor indicis longus; emr, extensor metacarpi radialis; emu, extensor

metacarpi ulnaris; h, humerus; Pos, posterior; r, radius; u, ulna.

Chondrocyte polarity and elongation is lost in the
embryos infected with RCAS::WNT5AC83S

One reason for the failure of cartilage to narrow and elongate
in the embryos treated with variant forms of the human

WNT5A gene is that chondrocytes are not stacking properly. The
movement of chondrocytes results in daughter cells that were
initially lined up beside each other, slipping underneath one
another to become stacked in a column (41,43). The adhesion of
chondrocytes to each other helps to stabilize the rearrangements
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Figure 3. WNT5A viruses widen the ulna in chicken embryos. (A–H) Serial transverse sections of the injected forelimbs fixed 10 days post-injection (stage 36). Insets

show viral (anti-GAG) expression. The dorso-ventral diameter of the ulna bone was measured in the epiphysis and diaphysis (see double arrows in A and D). WNT5AC83S

injected forelimbs were significantly wider in their epiphyses (C, F, G) compared to both GFP control (A, D, G) and wtWNT5A viruses (B, E, G). Wild-type and mutant

WNT5A injected forelimbs had wider cartilage compared to GFP controls (G). The WNT5AC83S injected specimens had a thinner bone collar relative to controls. (H, H’).

One-way ANOVA followed by Tukey post hoc test. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001; n = 3 for WNT5AC83S, GFP and n = 4 for wtWNT5A. Scale bar = 500 μm and applies to

all brightfield images. Key: An, anterior; D, dorsal; dia,diaphysis; DV, dorsal-ventral; epi, epiphysis; edc, extensor digitorum communis; eil, extensor indicis longus; emr,

extensor metacarpi; emu, extensor metacarpi ulnaris; fdp, flexor digitorum profundus; fcu, flexor carpi ulnaris; h, humerus; Po, Posterior; r, radius; u, ulna; V, ventral.
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Figure 4. RCAS::WNT5AC83S virus showed increased cell density in the diaphysis of the ulna. (A–C) Sagittal sections of injected forelimbs fixed 10 days post-injection

(stage 36) and stained with DAPI for nuclei. Cell density was quantified in the same area size in the diaphysis (A’–C’) and epiphysis (A”–C”) of the ulna. (D) WNT5AC83S

virus increased cell density in the diaphysis, which was significantly different than GFP and wtWNT5A. In contrast, there was no significant difference in cell density

in the epiphyses. One-way ANOVA post hoc Tukey, ∗∗P < 0.01, n = 4. (E) Cell count was quantified in half of the ulna bone closest to the digits. WNT5AC83S injected limbs

showed no significant difference in cell count compared to GFP control or wtWNT5A injected limbs. Scale bar = 500 microns. Key: h, humerus; r, radius; u,ulna.

(44). It has previously been shown that non-canonical WNT
signaling in the JNK-PCP pathway is required for organized
orientation of chondrocytes in the chicken (41) and mouse limb
(22,23). Since Golgi complexes in chondrocytes are located on
one side of the nucleus (29) we used the angle between the Golgi
nucleus axis and the long axis of the bones in the zeugopod
cartilage as a measure of cell orientation. Angles were measured
at stage 29 just prior to the onset of BrdU or cartilage shape
phenotypes. Here, we found that in control embryos, Golgi were

oriented perpendicular to the long axis of the developing carti-
lage (65.28◦ ± 3.2◦; Fig. 6A and D). Overexpression of wtWNT5A
did not significantly affect cell orientation (Fig. 6B and E);
however, WNT5AC83S mutation caused randomization of
chondrocytes compared to controls (47.7◦ ± 0.7◦, P < 0.005)
(Fig. 6C and F). We also measured chondrocyte shape since in
control limbs it is typical for chondrocytes to become flattened
and elongated in the AP axis (41). We found that chondrocytes
in controls were flattened (Fig. 6A). In contrast, chondrocytes
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Figure 5. wtWNT5A- or WNT5AC83S-injected forelimbs have increased cell proliferation in the cartilage. (A, C, E) Sagittal sections of injected forelimbs fixed 5 days

post-injection (stage 30) show viral (anti-GAG) expression (green) and (B, D, F) neighboring sections probed for anti-BrdU labeling. Note that the normal limbs diaphysis

is devoid of proliferating cells (B). In contrast there are labeled cells in the diaphysis of wtWNT5A- or WNT5AC83S-injected ulnae (D, F). (G) Percentage BrdU-positive cells

were similar in the epiphysis regardless of treatment. In the diaphysis, wtWNT5A showed significantly increased cell proliferation compared to GFP and C83S, whereas

C83S was only significantly different than wtWNT5A. One-way ANOVA and Fisher’s least significant difference (LSD) post hoc test, ∗P < 0.05, ∗∗∗P < 0.001; n = 4 GFP;

n=5 wtWNT5A and WNT5AC83S. Scale bar = 500 μm. Key: dia, diaphysis; epi, epiphysis; r, radius; u, ulna.

were significantly rounder in both RCAS::wtWNT5A- and
RCAS::WNT5AC83S-infected limbs compared to controls (P < 0.01;
Fig. 6B, C and J). Therefore, loss of proper orientation in
chondrocytes is the main distinction between mutant and wild-
type WNT5A.

Since we observed several signs that polarity was disrupted,
we examined the distribution of a core PCP molecule, Prickle.
Prickle is concentrated on opposite ends of the flattened chon-
drocytes in the mouse (29) and when knocked out in mice
an RS phenotype in the skeleton is produced (24). We found
that in the developing ulna at stage HH29, GFP-infected control
limbs showed Prickle molecule concentrated on opposite ends
of the developing chondrocytes (Fig. 6G–G”). A similar result
was observed with wtWNT5A (Fig. 6H–H”). However, WNT5AC83S-
injected limbs displayed qualitatively more diffuse expression of

Prickle (Fig. 6I–I”). Taken together, these cell polarity and Prickle
changes suggest that the C83S variant is disrupting the JNK-PCP
pathway.

wtWNT5A and WNT5AC83S plasmids activate JNK-PCP
signaling

In order to measure the activity of the JNK-PCP pathway
we used the ATF2 luciferase reporter in transfected limb
mesenchyme cells or HEK293 cells which are commonly
used in WNT luciferase assays (33,45,46). We used plasmids
containing the wtWNT5A or C83S variants rather than RCAS
viruses, since with plasmids, DNA concentration at the start
of the transfection can be controlled. We found that both
wild-type and WNT5AC83S mutant plasmids are taken up by
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Figure 6. WNT5AC83S virus randomizes chondrocyte polarity. (A–C) Sagittal slices (200 μm) of injected forelimbs fixed 4 days post-injection (stage 29) and stained in

wholemount with anti-Golgi (GM130, pink) and actin filaments with Phalloidin-568 (red). Expression in chondrocytes (SOX9-positive) was identified in adjacent sections

(not shown). The angle between the Golgi-nucleus axis and the long axis of the bones in the ulna was measured (inset in A). (D–F) Graphical representation of angular

data for each virus type (70 cells measured/specimen). The blue line is the average of each specimen and the red line is the overall mean for the group. The cells

were more randomly oriented with WNT5AC83S compared to AlkPO4 control virus (One-way ANOVA and Tukey’s post hoc test, P < 0.005; n = 3). (G–I) Sagittal sections of

injected forelimbs fixed 4 days post-injection (stage 29) show staining for pan-Prickle and counterstained with Hoechst for nuclei; viral expression (GAG) shown in the

inset. (G’–I”) Increased magnification of box region in the zeugopod cartilage of the forelimb showing combined signal for nuclei and prickle as well as the prickle stain

alone. (G’, G”) Double arrows indicate Prickle distribution at the ends of the elongated chondrocytes in the GFP control forelimbs. (H’, H”) The wtWNT5A has not affected

Prickle distribution; however, (I’, I”) WNT5AC83S caused a general reduction in staining and a more diffuse pattern. (J) Chondrocyte shape was analyzed using Phalloidin-

stained cell membranes (from A–C). Ferret diameter was measured in perpendicular axes in 50 cells/specimen (length/width). Significantly rounder cells were observed

in both wtWNT5A and WNT5AC83S viruses (closer to 1) compared to AlkPO4. One-way ANOVA post hoc Tukey ∗∗P < 0.01, n = 4. Scale bar = 50 microns. Key: Ant, anterior;

Di, distal; L, length; Pos, posterior; Pr, proximal; W, width.



2404 Human Molecular Genetics, 2019, Vol. 28, No. 14

Figure 7. Pathway activity measured with luciferase reporters for JNK-PCP signaling (ATF2). ATF2-luciferase assays were conducted on primary limb mesenchyme (A) or

HEK293 cells (B–D). Plasmids expressing wtWNT5A or WNT5AC83S were transiently transfected 48 h prior to lysing the cells. (A, B) Wild-type and mutant WNT5A plasmids

significantly activate non-canonical JNK-PCP signaling. The likely pathway involves WNT5A binding to receptor dimers (unknown) and activating ATF2 transcription

(a, b). (C) FZD2 receptor enhanced activity of the ATF2 reporter compared to empty plasmid. Thus, endogenous WNTs present in the HEK293 cells were able to utilize the

transfected receptor. The addition of plasmids expressing WNT5A further increased activity of ATF2. The C83S variant is significantly more active than empty plasmid

(c). (D) No significant change in activity occurred with Ror2 on its own suggesting there are insufficient endogenous ligands to bind to this receptor. Adding WNT5A or

C83S variant combined with Ror2 significantly increased activity when compared to Ror2 alone (d). One-way ANOVA, Tukey’s post hoc, ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.

ATF2, activating transcription factor 2; DVL, Dishevelled; FZD2, Frizzled2; JNK, Jun N-terminal kinase; n.s., not significant; mut, mutant; RLU, relative light units; ROR2,

Receptor Tyrosine Kinase-like orphan Receptor 2; STF, SuperTopflash; wt, wild-type.

similar numbers of cells; thus, luciferase results are comparable
(Supplementary Material, Fig. S3A–C). Both forms of WNT5A
significantly activated ATF2 reporter activity in primary cultures
of limb cells (Fig. 7Aa). A similar result was obtained in HEK293
cells (Fig. 7Bb) and therefore the remainder of the luciferase
assays were carried out in HEK293 cells.

We wondered whether the activation of the ATF2 reporter
was facilitated by either the FZD2 or ROR2 receptors, both of
which are mutated in DRS or recessive RS, respectively. When we
added FZD2 to the WNT5A plasmids, activity was significantly
increased only for the C83S variant (Fig. 7Cc). Thus, the mutant
WNT5A protein may be more effective at utilizing the FZD2
receptor. ROR2 is thought to be one of the main receptors for
WNT5A (19,23,47,48). Therefore we were surprised to see that
the plasmid containing the mouse Ror2 receptor did not provide
an advantage for ATF2-mediated signaling (Fig. 7Dd). The lack of
difference in reporter activity between wt and mutant WNT5A
when Ror2 was provided suggests that the mutation does not
alter binding to the Ror2 receptor. Therefore, the WNT5AC83S

protein could behave differently in different locations in the
embryo, depending on the availability of certain receptors.

Mutant WNT5A is less effective at antagonizing
canonical WNT signaling in the presence of WNT3A
ligand

WNT5A is known to antagonize the canonical WNT pathway
that is mediated by β-Catenin (49,50). WNT5A strongly inhibits
the effects of WNT3A protein or a GSK3β antagonist, lithium

chloride (LiCl) (51,52). The SuperTopFlash (STF) luciferase
reporter measures canonical WNT activity through the TCF
binding sites in the promoter for luciferase (53). T-cell factor/-
lymphoid enhancer factor (TCF/LEF) transcription factor is a
major downstream target of the canonical pathway and can also
activate transcription of other genes with TCF/LEF binding sites.
The plasmid-derived wtWNT5A was able to significantly block
endogenous canonical activity (Fig. 8Aa). The mutant WNT5A
seemed to be less effective at antagonizing canonical activity but
further experiments were needed, where cells are challenged
with an activator of STF such as LiCl or WNT3A protein. Both
wild-type and mutant WNT5A were able to bring down activation
caused by LiCl to basal levels (Fig. 8Bb). This result indicates that
WNT5A antagonism acts downstream of the GSK3β complex.
When exogenous WNT3A was added, 50% of the STF activity was
lost in the presence of wtWNT5A (Fig. 8C). The addition of Ror2
further inhibited signaling. In the presence of WNT3A ligand,
the Ror2 receptor in combination with wtWNT5A significantly
reduced STF activity to only 14% of the values achieved by
the wtWNT5A plasmid alone. These data suggest that WNT5A
antagonism of STF is facilitated by the Ror2 receptor (Fig. 8Cc).

In contrast to the wtWNT5A DNA, the C83S variant DNA was
unable to block signaling (Values not significantly different than
adding WNT3A on its own; Fig. 8Cc). Adding Ror2 in combina-
tion with WNT5AC83S plasmid restored completely the ability
to block STF activity (levels indistinguishable from basal levels
of activity). In the presence of the strong stimulus, WNT3A,
mutant WNT5A was still able to block most of the STF activity
(Fig. 8Cc’). The excess of Ror2 receptor, appears to overcome
a slight decrease in receptor affinity caused by the loss of a

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz071#supplementary-data
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Figure 8. Pathway activity measured with luciferase reporters for canonical signaling (STF). (A) Wild-type WNT5A plasmid significantly inhibits endogenous canonical

WNT signaling; however, WNT5AC83S is a less effective antagonist (a). (B) The wtWNT5A and variant plasmid were able to equally antagonize STF activity induced by LiCl

(b). (C) WNT3A protein is a strong activator of canonical signaling via Frizzled-LRP dimers and this activity is significantly reduced by wtWNT5A but not by WNT5AC83S

(bars with dashed outline; c). The addition of Ror2-expressing plasmid alone did change STF activity (bar 3). However, when Ror2 was added with WNT3A, the activation

was greatly reduced, presumably facilitated by binding of endogenous WNT ligands (bar 4, c’). The addition of mutant DNA in combination with Ror2 and WNT3A

significantly inhibited activity (bar 10, c’). Thus, WNT5AC83S may become a more potent inhibitor of canonical signaling when there is an excess of Ror2 receptors (c’).

One-way ANOVA post hoc test, ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. APC, Adenomatous Polyposis Coli; DVL, Dishevelled; FZD, Frizzled receptor; GSK3β, glycogen synthase

kinase 3 β; LEF/TCF, Lymphoid Enhancer Factor/T-cell Factor; LiCl, lithium chloride; LRP, Low-density Lipoprotein receptor Related Protein; mut, mutant; RLU, relative

light units; ROR2, Receptor Tyrosine kinase-like Orphan Receptor 2; wt, wild-type.
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cysteine residue; however, the exact region of WNT5A that binds
to ROR2 or FZD is not known.

To complete our signaling studies, we measured the ability
of WNT5A variants to activate the calcium pathway using
the NFAT luciferase reporter (measurement of calcineurin-
dependent signaling) (7,54,55). HEK293 cells transiently trans-
fected with the positive control plasmid expressing consti-
tutively active NFAT (caNFAT) strongly activated the reporter
(Supplementary Material, Fig. S4). In contrast, neither wild-
type nor mutant WNT5A plasmids activated the calcium
reporter (Supplementary Material, Fig. S4). Our results are in
line with previous studies that found Wnt5a only weakly
activates the NFAT reporter (55). Therefore, we found no
evidence for an involvement of the calcium pathway in the DRS
phenotypes.

Missense mutations decrease the amount of secreted
mutant WNT5AC83S protein

The transient transfections used for luciferase assays demon-
strated that the mutant protein is able to be synthesized
from a plasmid, bind to cell surface receptors, transduce
signals and activate reporter constructs. However, these
transfection experiments do not address whether the protein
is efficiently synthesized and secreted in a sustained manner.
The RCAS viruses incorporate into the chicken fibroblast
genome and thus stable expression is achieved without the
need for antibiotic selection. The western blots of concentrated
conditioned media from infected fibroblasts showed strong
signal for wtWNT5A, indicating that the protein was secreted
efficiently in our culture conditions. In contrast, there was
significantly lower WNT5AC83S in the media (Fig. 9A and F).
We excluded the possibility that the difference in staining
was due to a problem with the antibody recognizing mutant
WNT5A by reprobing the same blots with anti-Flag antibodies
(Supplementary Material, Fig. S5A). It was possible that less
secretion would mean there would be increased levels of protein
hung up in the secretory pathway and these should show up in
the cell lysate. Unexpectedly, decreased levels of mutant WNT5A
protein were also observed in cell lysates (60% of wtWNT5A
levels, Fig. 9B and F). Again, the Flag antibody confirmed this
result (Supplementary Material, Fig. S5B). Viral protein levels
were the same in GFP, wtWTN5A and C83S variant as shown by
GAG antibody staining (Fig. 9B and F). It was possible that the loss
of a disulfide bond could have slightly altered protein folding,
perhaps facilitating degradation. We therefore ran proteins
from the cell lysate on combination reducing and non-reducing
gels (Fig. 9B and C). The wtWNT5A and WNT5AC83S bands were
generally shifted to a similar, smaller molecular weight (Fig. 8C).
However, the intensity of the band for WNT5AC83S was lower
compared to wtWNT5A (n = 2). In addition the migration of the
mutant protein was uneven across the lane such that there was
more intense signal at the edges of the lane than in the center.
There is a consistently lower level of WNT5AC83S protein out
of the total protein loaded (40 μg/lane) in all blots which also
contributes to the lower intensity band. It is unlikely that the
WNT5A antibody binds with less affinity to the epitope in the
non-reducing conditions. We showed that the antibody recog-
nizes wtWNT5A and WNT5AC83S with equal affinity in immuno-
cytochemistry staining (Supplementary Material, Fig. S3A–C).
Thus, it seems unlikely that a partially unfolded protein would
have less exposure of the relevant epitope than the native
protein.

Next, we tested whether lower levels of the mutant pro-
tein were due to preferential degradation. DF1 fibroblasts were
treated with cyclohexamide to block new protein synthesis and
levels of WNT5A were measured over 8 h (Fig. 9D). Significant
loss of protein occurred for the wtWNT5A over 8 h (decrease of
50%, P = 0.03; Fig. 9G). The WNT5AC83S protein similarly dropped
to 50% by 8 h (P = 0.001; Fig. 9G). The levels of WNT5AC83S protein
started off significantly lower at time 0 (P = 0.002; Fig. 9G), in
accordance with previous data (Fig. 9F). There does not appear to
be any difference in the rate of protein loss between wtWNT5A
and mutant WNT5A.

Finally we blocked the ubiquitin proteasome pathway (56)
with MG132 for 1 h prior to the addition of cyclohexamide. At
time zero, or after 1 h of treatment with MG132, wtWNT5A
and WNT5AC83S proteins were not significantly different. This
indicates that blocking the proteasome for 1 h was sufficient
to normalize the levels of the mutant protein. Further culture
led to significantly lower levels of wtWNT5A (62% lower than
time zero, P = 0.03; Fig. 9E and G). However, there was no signif-
icant difference in the three time points for WNT5AC83S. Since
neither drug blocks secretion, it is likely that the decrease in
wtWNT5A is due to protein leaving the cell through the secretory
pathway. However, since the C83S variant diminishes secretion,
the majority of protein remains in the cell after surviving pro-
teasomal degradation. Levels of wtWNT5A were also signifi-
cantly increased after 1 h of treatment with MG132 compared
to no treatment (P = 0.01, data not shown). Since there is no
significant difference between the levels of protein in mutant or
wtWNT5A-infected cultures at time zero, there does not appear
to be a selective decrease in protein stability caused by the
mutation.

Finally, we tested whether in vivo there is a synthesis and
secretion defect caused by the C83S variant. We therefore
injected limbs with the GFP, wtWNT5A or C83S variant viruses
and performed immunofluorescence staining, 5 days after
virus was injected (HH30). This time point was chosen due to
equivalent viral load between virus types. Antibodies to WNT5A
recognize the human protein and may cross react with chicken
based on sequence homology; however, in our western blots
there was minimal signal in the GFP control lanes (Chicken, DF1
cell lysate, Fig. 9B). Similarly, limb sections stained for virus and
WNT5A protein showed no expression of WNT5A in the GFP
control limbs (Supplementary Material, Fig. S6A–A”’, n = 3). In
contrast, wtWNT5A virus-infected limbs had strong signal for
WNT5A protein that overlapped expression of GAG in the cyto-
plasm (Supplementary Material, Fig. S6B–B”’, n = 3). The C83S-
expressing limbs also had cytoplasmic staining that overlapped
with the GAG antibody (Supplementary Material, Fig. S6C–C”’,
n = 3). Thus, WNT5A protein is being made in vivo from both
forms of virus. The levels of expression were not quantifiable in
the immunostaining assays.

Discussion
Skeletal malformations are a major finding in DRS including jaw
hypoplasia, short stature and mesomelic limb shortening (5–7).
DRS patients have mutations that were theoretically linked to
the non-canonical WNT signaling pathway (7). Through local
viral transgenesis in the chicken embryo, we provided an in
vivo context for the human wild-type or mutant WNT5A gene
to act over a period of time critical for skeletal development.
Our experiment simulates the human situation where both
wild-type and mutant protein are present since the retroviruses
are expressed in the presence of gallus WNT5A. We have

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz071#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz071#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz071#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz071#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz071#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz071#supplementary-data
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https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz071#supplementary-data


Human Molecular Genetics, 2019, Vol. 28, No. 14 2407

Figure 9. WNT5AC83S protein is translated and secreted at lower levels than wtWNT5A. Western blot analysis of WNT5A protein. (A) DF1 (chicken fibroblast) cells

were infected with RCAS viruses (GFP, WNT5A or WNT5AC83S) or no virus and propagated for at least 1 month. Heparin (100 μg/ml) was added 24 h prior to collecting

conditioned media. Blots were probed with anti-human WNT5A polyclonal antibody. The conditioned media from wtWNT5A-infected cells contains a strong band at

45 kDa, the predicted size of WNT5A protein (90 μg protein per lane). The lane with WNT5AC83S protein has considerably lighter staining. (B) In the lysate of DF1 cells,

the 45 kDa band representing WNT5A was absent in the GFP controls and at lower intensity in the C83S protein sample (40 μg protein loaded per lane). The loading

was equal as shown by the anti-GAPDH staining. There were also equal amounts of viral protein present (anti-GAG, F). (C) In non-reducing conditions, the bands for

wild-type and mutant proteins have shifted equally suggesting there are no major changes in protein conformation. The band for mutant WNT5A is lighter than the

control, in part due to lower expression of the protein. (D) The treatment of cultures with cyclohexamide blocked new synthesis of protein. Existing pools of WNT5A

protein decreased over 8 h, suggesting they were degraded by the proteasome (40 μg per lane). (E) Pretreatment with MG132 for 1 h protected mutant WNT5A from being

degraded to a similar extent to wtWNT5A (40 μg per lane). (F) Densitometry readings were made for three blots and normalized to GAPDH for the lysate or non-specific

bands for the media. Significantly lower values for WNT5AC83S in the media suggests that protein is either synthesized at lower efficiency, fails to be secreted or is

degraded prior to secretion. Lower levels in the lysate exclude retention inside the cell due to a problem with protein processing (Students t-test, ∗P < 0.05, ∗∗∗P < 0.001).

There was no quantitative difference in the levels of GAG viral protein. (G) Densitometry readings for three blots, normalized to GAPDH. Left side CHX: There were

significant differences in the overall levels of wtWNT5A protein at 4 and 8 h of treatment with cyclohexamide (4 h, P = 0.004, 8 h, P = 0.001). The WNT5AC83S levels were

unchanged at 4 h but by 8 h there was a significant decrease (P = 0.002). Right side MG132 + CHX: Pretreatment with MG132 protected the WNT5AC83S protein from

being degraded at time zero. The pool of wtWNT5A was significantly reduced over 8 h, most likely due to secretion (P = 0.03). However, the C83S variant protein did not

decrease over time, most likely due to lower efficiency secretion. ANOVA, Fisher’s LSD post hoc test for each treatment separately (CHX alone, CHX + MG132), ∗P < 0.05,
∗∗ P < 0.01, ∗∗∗P < 0.001. ns, not significant.
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Figure 10. Summary of the dominant effects of WNT5A mutations on skeletal

morphogenesis. The forelimb field is injected at stage 15 prior to budding.

(A) Controls (empty plasmid, GFP or AlkPO4 virus) show flattened chondrocyte

shape, hypertrophy and low proliferation in the diaphysis and elongation of the

cartilage condensations in the proximo-distal axis. (B) wtWNT5A virus slightly

altered chondrocyte flattening and increased proliferation in the diaphysis.

Hypertrophy was present similar to controls. wtWNT5A increased JNK-PCP activ-

ity and blocked canonical WNT signaling. (C) In the presence of WNT5AC83S virus,

chondrocytes were rounded and randomized which also correlated with a lack

of elongation. The mutWNT5A was less effective at antagonizing the canonical

pathway. Mutant WNT5A blocked hypertrophy leading to distortion of growth.

Instead of elongating proximo-distally, cartilages grew in the perpendicular (AP

and dorsi-ventral axes). AP, anterior-posterior; DVL, dishevelled; FZD, frizzled;

LRP, low density lipoprotein receptor related protein; Pk, Prickle; Pr, proximal;

Di, distal; r, radius; u, ulna.

recapitulated the short limb phenotypes seen in RS. Even though
there may be lower levels of mutant protein as compared
to wtWNT5A present in RS patients and chicken embryos, a
major impact on development of the skeleton is produced. Here
we report that the main reason for pathogenesis of the C83S
variant is the disruption of PCP and hypertrophy within the
chondrocytes which has a dominant effect on elongation of the
cartilage elements.

WNT5AC83S selectively and dominantly distorts early
morphogenesis of the bones in the perpendicular axis

We reported a significant, consistent change in the morphology
of cartilage rods in the C83S mutant viral infected limbs, where
growth in the AP axis was exaggerated at the expense of the
proximo-distal axis. These differences in direction of growth,
while keeping the total cell number the same, imply that there
are convergent extension defects (Fig. 10A–C). There are five
neomorphic changes in the skeleton that are uniquely seen with
WNT5AC83S misexpression (Table 2). These differences include
(1) proximo-distal length that is only 30–50% of wtWNT5A, (2)
a nearly 200% increase in AP diameter of the diaphysis com-
pared to wtWNT5A, (3) a relative increase in cell density in the
diaphysis followed by (4) a delay in chondrocyte hypertrophy
and (5) decreased bone deposition. At the cellular level there

were two additional changes only induced by the C83S variant
that could explain the distorted morphogenesis (Table 2): (1)
randomized orientation of the chondrocytes relative to the long
axis, and (2) diffuse Prickle expression. All the aforementioned
effects dominate over those of the endogenous gallus WNT5A
gene and support the idea of interference by the mutant version
of WNT5A with normal functions of the protein. The results are
even more striking when we consider that expression levels are
likely to be lower for the mutant protein. It is clear that even
a small amount of the variant protein is sufficient to disrupt
morphogenesis.

The main mechanism that contributes to bone shortening
is likely a failure of chondrocytes to flatten and stack in the
proximo-distal axis. The stacking mechanism involves a slipping
of adjacent chondrocytes under each other, after cell division
(41,43). Misexpression of RCAS viruses containing dominant-
negative (dn) forms of FZD7 and ROCK2 or overexpression of
VANGL2 (41) disrupt the formation of organized columns due
to interference with the non-canonical WNT pathway. In this
previous study, the susceptible chondrocytes were located in
the proliferative zone of the epiphysis. In a study by the same
authors using live imaging, either increased or decreased PCP
signaling resulted in misoriented chondrocytes that fail to form
columns (43). The role of cell adhesiveness was also studied
(43,44) and was found to be important for pivoting of daughter
cells after medio-lateral (or dorso-ventral) proliferation. In
our static imaging, the rounder chondrocytes do not appear
to be stacking into columns in the presence of WNT5AC83S

and further analysis of intercalation is a subject for a future
study.

The increase in chondrocyte size is timed with the most rapid
period of bone elongation in the appendicular skeleton (57).
In normal GFP- or wtWNT5A-infected limbs, the progression
to hypertrophy occurs in the diaphysis on schedule which
correlates with normal length bones. Others have consistently
reported that either an increase (27,31) or decrease in the levels
of WNT5A (27) shortens skeletal elements and delays expression
of COL10A1 RNA, secreted by hypertrophic chondrocytes. It is
interesting that in our hands in contrast to Hartmann and
Tabin (2000) the overexpression of wtWNT5A allowed the
normal expression of COL10A1, similar to GFP virus controls.
We examined limbs at slightly later stages than those used for
the chicken (31) or mouse (27) which may have allowed sufficient
time for the COL10A1 protein to be expressed. In contrast, the
C83S variant protein derived from the virus was expressed at
lower levels than wtWNT5A based on western blot experiments.
One might have expected the expression of COL10A1 to be
similar to GFP; however, the mutant protein prevented COL10A1
expression in all embryos. The C83S mutation also dominantly
interferes with the expansion of chondrocytes as shown by
the lack of lacunae in Alcian blue stained sections. This
data suggests that hypertrophy is not occurring in a timely
manner. Our wholemount skeletal preparations show that
bone can form if embryos are allowed to develop to stage
38 (Table 1). All chicken embryo experiments end prior to
hatching so the ultimate effect on adult bone morphology
cannot be determined. Nevertheless, it is these early effects
on cartilage that will have long lasting effects on bone length
and stature.

The slight difference in levels of WNT5A protein produced
by the mutated gene in patients with RS are likely not the
reason for the specific changes in extension of cartilage. Our
data suggests that the local, disruption of cell polarity and
hypertrophy are more important for the manifestation of the
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Table 2. Summary of phenotypic changes in different biological functions

Biological function Experimental readout Loss of function—C83S
similar to GFP or lower
levels than wtWNT5A

Gain of function—C83S
similar to wtWNT5A

Neomorphic
function—C83S different
than wtWNT5A

Cell cycle Proliferation 1. Even proliferation
between epiphysis
and diaphysis

Signaling Activation of the JNK
pathway in ATF2
luciferase assays

2. Increase in ATF2 in
micromass and HEK
cells

3. Increase in ATF2 in
HEK cells when Ror2
was added

1. Greater increase in
ATF2 when FZD2 was
added

Inhibition of the canonical
WNT pathway

1. Complete inability to
antagonize WNT3A,
just like empty
plasmid

2. Less effective at
antagonizing
endogenous
canonical signaling
compared to
wtWNT5A

4. Able to inhibit
canonical signaling
downstream of
GSK3β

5. Adding Ror2 helps to
improve antagonism
of WNT3A by both
forms of WNT5A

Translation Protein synthesis and
secretion

3. Less secretion than
wtWNT5A

4. Less synthesis than
wtWNT5A

6. Similar protection
from proteosomal
degradation by
MG132

Morphogenesis Skeletal morphology 7. Increase in DV
diameter of
diaphysis for both
forms of WNT5A

8. Both forms of
WNT5A shortened
the bones. wtWNT5A
decreased length by
20% compared to GFP

1. 150–200% increase in
AP diameter

2. 50–60% shorter
bones than GFP

3. Thinner bone collar
4. Increase in cell

density in diaphysis
5. Delay in Col10A1

expression

Planar cell polarity PCP phenotypes 9. Chondrocytes round
not flat

1. Randomized
orientation of
chondrocytes,

2. Prickle expression
diffuse

syndrome and that the secretion problems are not the main
mechanism explaining the RS phenotype. We would like to draw
attention to a difference in the findings of the present study
and those of our previous study on the protein derived from
the WNT5AC83S variant. Previously we found that WNT5AC83S

present in media failed to activate non-canonical WNT signaling
via ATF2 luciferase reporter (33). In the previous study we per-
formed luciferase assays using non-concentrated conditioned
media collected from RCAS-infected cells which now we know
to contain minimal levels of WNT5AC83S protein, far too low to
activate the reporter.

RS phenotypes are highly unlikely to be due to a
gain-of-WNT5A function

The use of the retroviral system helps to clarify the effects of
a gain-of-function mutation where we compare the mutant
to wild-type genes. If the mutation caused a gain of function
we would expect to see even higher proliferation and higher
JNK-PCP activity than wtWNT5A levels, but this was not the
case. There should also have been significant disruption of
chondrocyte orientation and polarity caused by the wtWNT5A
but only the mutant form of WNT5A caused a phenotype in the
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chondrocyte morphology (Table 2). There is no evidence of
a more exaggerated phenotype of the mutant compared to
wtWNT5A. Based on these data, we can exclude a gain-of-
function as the reason for the craniofacial and limb phenotypes
of RS.

The partial loss of WNT5AC83S function in antagonizing
canonical signaling may have low biological
significance

Some of the data with the C83S variant of WNT5A was similar to
GFP results or was quantitatively lower than that obtained with
wtWNT5A (Fig. 10A–C; Table 2). The C83S variant was completely
unable to antagonize canonical signaling in the presence of
WNT3A (Fig. 10C). While in our biochemical experiments there
appears to be a net gain in canonical WNT activity since the
mutant WNT5A is a poor antagonist of canonical signaling,
the same may not be true in chicken embryos or patients. We
showed that the mutated protein can interact with Ror2 to
antagonize canonical signaling. Thus, in the limb cartilage where
Ror2 is expressed in cartilage condensations (58) there should
be adequate antagonism of canonical signaling from both the
normal and mutant allele of WNT5A.

WNT5A missense mutations may affect protein
conformation

The direct effect of point mutations on protein structure of
WNT5A is challenging to determine since WNT proteins are
notoriously hard to express, purify and crystallize (59). Neverthe-
less, using the chicken retroviral system we were able to partially
characterize the mutant protein. The missense mutation leading
to the C83S substitution consistently leads to lower protein levels
than wtWNT5A in lysate and media. We found no evidence for
increased degradation of the mutant protein in the presence of
MG132, nor were RNA levels lower for the mutant transcripts in
the cultured cells (data not shown). Instead it is possible that
the loss of a disulfide bond might trigger an unfolded protein
response (UPR) which leads to lower protein levels (60,61). The
UPR consists of a set of interlinking intracellular pathways that
maintain the protein-folding capacity of the endoplasmic retic-
ulum (ER). When a UPR has been induced, the cell increases the
amount of ER available and reduces the translation of the protein
to restore homeostasis. Since the RCAS system resulted in stable
integration of the WNT5AC83S transgene, the ‘new’ homeostasis
for these fibroblasts was to have lower levels of protein expres-
sion, as shown in western blots with cell lysate. An unregulated
UPR will cause cell stress. In our in vivo studies, there was no
evidence for increased cell death (negative TUNEL data) and
long term cell cultures containing the RCAS:WNT5AC83S grew at a
similar rate to the wtWNT5A virus or GFP virus. Thus, it appears
that by lowering the levels of WNT5AC83S, cells in vivo and in
vitro are able to avoid cell stress. Taken together, the patients
with RS will have a deficiency in WNT5A but we do not think
this is related to the phenotypes. Instead, the mutated protein
interferes with normal functions of WNT5A at the signaling level
as well as during chondrocyte differentiation.

In summary, the chicken provides a unique opportunity to
isolate the dominant effects of mutation. It is well accepted that
variability in expressivity of a phenotype is due to the interaction
of the gene of interest with the rest of the genome (modifier
genes) and environmental factors (55–57). Our results suggest
that if all genetic and epigenetic factors are held equal as in the

chicken embryo system, that C83S variant has major pathogenic
effects on morphogenesis. Unfortunately, due to the rarity of the
syndrome and lack of detailed phenotypic data from radiographs
it is not possible to determine whether subjects with different
variants of WNT5A have greater or lesser severity in the skeletal
phenotypes. The avian embryo is a valuable model system in
which we can gain insights into autosomal dominant human
genetic disorders such as RS.

Materials and Methods
Cloning of virus and plasmid constructs

The ultimate ORF containing human WNT5A (Genbank Ref
seq: NM 003392.4) was purchased from Invitrogen (#IOH39817).
We used restriction-free cloning (62) to knock in a mutation
that causes autosomal dominant RS2 (OMIM: 180700): the
248G-C mutation in exon 3 of the WNT5A gene, resulting in
cysteine 83 converting to serine (C83S). A C-terminal Flag tag
was cloned after the coding sequence and a stop codon was
added to the 3′ end of the tag. Gateway cloning (Invitrogen,
Burlington, ON, Canada) was used to move the mutant or
wild-type sequences from pENTRY into pcDNA3.2 for plasmid
transfection and RCASBPY for retroviral expression as described
(33). The human FZD2 coding sequence in a shuttle vector was
purchased from GeneCopoeia (Rockville, MD, clone #GC-S0193-B)
and recombined into pcDNA3.2 using Gateway recombinase (LR
Clonase II, Invitrogen). Other viruses containing GFP (A. Gaunt) or
Alkaline Phosphatase (AlkPO4) (L. Niswander) were generously
provided by other investigators.

Virus preparation, injection and measurement of
expression levels

White leghorn eggs were incubated until Hamburger Hamilton
stage 15 (E2.5) (63) and concentrated RCAS retrovirus viral parti-
cles were injected into the forelimb region (between somites 15
and 16) using a Picospritzer microinjector (General Valve Corp.).
We chose this stage in order to give the virus sufficient time
to replicate prior to lineage specification in the limb field (36).
The key events in limb morphogenesis are limb budding (stage
18, E3.0, 24 h post-injection) and start of cartilage differentiation
(stage 28, E5.5; 72 h post-injection). Embryos were euthanized at
various stages (stage 29 or E6.0; stage 30 or E6.5; stage 36, E10 or
stage 38, E12).

To quantify viral expression, primers specific to human
WNT5A were used to amplify the viral insert as described
(33). Total RNA was isolated from batches of limb buds using
a Qiagen RNAeasy kit (#75144, Toronto, Canada) (3–4 limb buds
were pooled to give one biological replicate). There were four
biological replicates collected at 48 h and 96 h post-injection.
Sybr green-based qRT-PCR was carried out using an ABI Step
One plus instrument (95◦C for 5 s, 60◦C for 20 s, 40 repeats).
Levels of expression were normalized to 18S RNA. The ��Ct
method was used to calculate relative fold-change expression
between wtWNT5A- and WNT5AC83S-infected limbs and T-tests
were used to determine significance.

Histology, immunofluorescence and
immunocytochemistry

Forelimbs were fixed in 4% paraformaldehyde for 2–3 days.
Limbs at stage HH36 were decalcified in 12% EDTA for 4–5 days
prior to processing into wax. Selected sections (sagittal or
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transverse) were stained with Alcian blue and Picrosirius red
to see the differentiated cartilage and bone (64). For immunoflu-
orescence, antigen retrieval was carried out either with sodium
citrate (10 mm) or Diva Decloaker (WNT5A, Biocare Medical, Inter
Medico, Markham, Ontario, Canada, #DV2004MX). For WNT5A
antibody, sections were treated with 0.3% Triton in PBS for
10 min and then put into block containing 1% donkey serum,
0.3% Triton in PBS for 30 min. For collagen X antibody staining,
sections were pretreated with 0.5% hyaluronidase in Hank’s
Balanced Salt Solution for 30 min prior to antigen retrieval.
Sections were blocked with 5% or 10% goat serum plus 0.1%
tween/PBS at room temperature for 1 h and incubated overnight
at 4◦C with primary antibodies: anti-3C2/GAG (Developmental
Studies Hybridoma bank, Iowa City, Iowa, 1:4 #AMV-3C2); anti-
collagen X (COL10A1, Developmental Studies Hybridoma bank,
1:250 #X-AC9-c); anti-pan-Prickle (Abcam Toronto, ON, Canada,
1:50, #15577) and anti-WNT5A (R&D systems, Minneapolis, MN,
1:500, #AF645). Secondary antibodies included Alexa 488, 647
and Cy5 (Invitrogen, 1:250) and these were applied for 1 h at
room temperature followed by staining with 10 μg/ml Hoechst
for 10 min (#33568, Sigma Aldrich, Oakville, ON, Canada). Slides
were coverslipped with Prolong Gold (Invitrogen).

Phalloidin staining to visualize cortical actin was carried out
in wholemount on 200 μm thick slices of limbs since this reagent
is incompatible with ethanol. Forelimb slices were fixed for 48 h
at 4◦C in 4% paraformaldehyde, permeabilized in 0.5% triton-
X/PBS for 30 min, and blocked in 10% FBS, 0.5% triton-X/PBS
for 30 min 2× at room temperature. Primary antibodies were
incubated separately for 48–96 h at 4◦C on a rocker in blocking
solution; anti-Golgi antibody (GM130, 1:100, BD labs, Burling-
ton, ON, Canada, #610822) and anti-SOX9 (Sigma-Aldrich, 1:200,
#HPA001758). Slices were also incubated in Phalloidin (Molecular
Probes, ThermoFisher, Mississauga, ON, Canada, Alexa Fluor-
568, 1:50, #A12380). Secondary antibodies (Alexa-fluor-488, −647,
Molecular Probes, Thermo Fisher, Mississauga, ON, Canada 1:200)
were incubated 48–96 h at 4◦C on a rocker in 0.5% triton-X/PBS.
Signals were detected using Alexa Fluor conjugated secondary
antibodies (Life Technologies 1:200), and nuclei were counter
stained with 10 μg/ml Hoechst (#33568, Sigma), DAPI (Molecular
Probes #P36935) or TO-PRO-3 iodide (Life technologies, #T3605).
Prolong Gold antifade was applied to all slides (Life Technologies
#P36930). Fluorescence images were collected with a Leica SP5
confocal microscope or with a 20X objective on a slide scanner
(3DHISTECH Ltd, Budapest, Hungary).

For cell proliferation studies, chicken embryos 72 or 96 h
post-virus injection (stage 29 or 30) were labeled with BrdU
(10 mg/ml), injected into the heart with a Picospritzer, 3 h prior
to euthanasia. Antigen retrieval was performed with 2N HCl for
30 min at room temperature and treated with 0.1% trypsin/PBS
for 10 min at 37◦C. Sections were blocked with 10% goat serum
and 0.1% tween-20 for 1 h then incubated overnight at 4◦C in
blocking solution with anti-BrdU (Developmental Studies Iowa
Hybridoma bank, 1:20, #G3G4). Slides were then probed for anti-
SOX9 (1:100) in block overnight at 4◦C. The proportion of BrdU-
labeled cells in the SOX9-positive region was counted using
ImageJ. Apoptosis was analyzed via TUNEL analysis using Apop-
Tag Apoptosis Kit (Chemicon, S7101) and was detected using
anti-digoxygenin tagged with fluorescein as described (46).

For immunocytochemistry experiments, HEK293 cells were
seeded onto coated coverslips (18 mm2, Corning) and coated
with Poly-L-Lysine (Sigma #RNBC8085) for 15 min. Cultures
were grown to 40% confluency and transfected using Lipofec-
tamine3000 (Invitrogen #L3000-008) following manufacturer’s
instructions. A total of 2.5 μg DNA was transfected in each

experiment (plasmids: WNT5A, WNT5AC83S or empty parent
vector, pcDNA3.2). Cells were fixed in 4% PFA 48 h post-
transfection for 20 min and then stored in PBS + 0.01% sodium
azide at 4◦C. Cultures were blocked in 10% normal horse serum
(Sigma #H0146). Permeabilized with 0.2% triton-X for 1 h then
incubated overnight at 4◦C with primary antibody (WNT5A R&D,
2 μg/ml, #AF645). Secondary antibody was applied for 1 h at room
temperature (anti-goat Sigma #11C1215) and counterstained
with 10 μg/ml Hoechst. Cells were imaged using a Leica SP5
confocal microscope. Three random fields of view per treatment
were analyzed; assay performed three times.

Quantification of cell polarity and cell density

We used ImageJ to measure cell polarity and shape as described
(33). Measurements were conducted for 70 cells located in the
diaphysis of the ulna. To measure cell density, images with
nuclear stain from stage 36 embryos were imported into ImageJ
software. Sagittal measurements included the distance from the
epiphysis near the digits to epiphysis near the humerus, the
width in the center of the diaphysis and area (around entire
ulna). Transverse sections were perpendicular to the long axis
of the cartilage, through the ulna spanning the epiphysis (clos-
est to the digits) and the diaphysis. Regional cell density was
quantified by counting nuclei located in a 200 μm2 region in
the epiphysis and diaphysis of the ulna in sagittal sections.
Cell density was also quantified in half of the developing ulna
(closest to the digits).

Cell culture and luciferase reporter assays

Transient transfections for luciferase assays were performed
on 30–40% confluent HEK293 cells (0.17–0.18 × 106 cells/ml)
(33); or using non-treated HH24 chicken limb bud mesenchyme
micromass cultures as described for facial mesenchyme (46,65).
Cells were transfected using Lipofectamine3000 (Invitrogen
#L3000-008; Nunc 24-well plates #142475). HEK293 cells were
transfected 24 h after plating. Micromass cultures were allowed
to attach for 30 min then transfection reagents were added to
the culture spots for 30 min prior to flooding the dish with
media. The following plasmids were used: empty (pcDNA3.2/V5-
DEST), WNT5A, WNT5AC83S, mRor2 (Addgene, #22613), FZD2 or
caNFAT (constitutively active nuclear factor of activated T-cells;
Addgene, # 10959), or in combinations (totaling 0.3 μg or 0.6 μg
for FZD2-ATF2 assay). Additionally, Renilla luciferase reporter
plasmid was transfected for normalization (0.05 μg or 0.01 μg
for FZD2-ATF2 assay), along with Firefly reporter plasmids: STF,
ATF2 (45) or NFAT (Addgene #10959) luciferase reporters (0.2 μg).
At 24 h post-transfection, a subset of cultures was treated
with 100 ng/ml Wnt3a protein (R&D, #5036-WN-010). Luciferase
assays were performed after 48 h of culture using Dual-luciferase
reporter assay system (Promega #E1910) as described (65). A
Tecan luminometer (Spark® multimode Tecan plate reader) was
used to read luminescence activity at 1 s reading with OD1 filter.
At least three technical and three biological replicates were
carried out for each transfection mixture and the experiment
was repeated on two different days.

Western blotting

To generate cells that stably express WNT5A and WNT5AC83S

proteins, chicken DF1 cells (ATCC) were transfected with RCAS
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constructs as in the initial stages of preparing virus for embryo
injections (66). After one month of passaging, viruses have been
spread to all cells in the culture. At 24 h before collection,
WNT5A-infected cells along with GFP-infected control DF1 cells
were treated with 1% FBS and 100 μg/ml heparin. Conditioned
media was collected and centrifuged 1000 xg at 4◦C for 10 min.
The supernatant was transferred to a centrifugal filter (Amicon
Ultra Cell 10 K #UFC901024) and concentrated at 5000 xg at 4◦C in
a fixed rotor for 95 min. For cyclohexamide treatment a subset of
cultures were grown in the following manner: cells cultured in 6-
well plates until they reach 100% confluence. A concentration of
50 μg/ml cyclohexamide (Sigma Aldrich) was added and cultures
incubated for 0, 4 and 8 h. Another group of DF1 cells were
pretreated with 30 μM MG132 (Sigma Aldrich) for 1 h to block the
proteasome and then incubated in cyclohexamide (50 μg/ml) for
a further 4 and 8 h.

To prepare cell lysates, cells were washed 2× in cold PBS then
cell lysate buffer was added (RIPA radioimmunoprecipitation
assay buffer, buffer with SDS containing mini protease inhibitor
cocktail, Roche #04693124001 Mississauga, ON, Canada) and
phosphatase inhibitor cocktail (phosSTOP, Roche #04906845001).
Lysed cells were removed with a cell scraper (Corning, 3010) then
transferred to a 1.5 ml Eppendorf tube and held on ice for 15 min.
Cell lysates were spun at 14 000 rpm at 4◦C for 15 min and the
supernatants were collected and stored at −20◦C.

Cell lysate samples were mixed with sample buffer at
1.25 mg/ml with or without 0.3% β-Mercaptoethanol (Sigma
Aldrich) to detect protein shifts. A total of 40 μg protein was
added per lane for the lysate and 90 μg for conditioned media.
Samples were resolved on SDS-10% acrylamide gels and wet-
transferred (50V for 90 min) to 0.45 μm nitrocellulose membrane
(Thermo Fisher #88018). Membranes were incubated for 1 h
in blocking solution (according to R&D protocol) and primary
antibodies incubated overnight at 4◦C in 0.5% BSA in blotting
buffer (R&D blotting buffer group 8); anti-Wnt5a (R&D, 2 μg/ml,
#AF645); anti-Flag Sigma Aldrich (1:1000 #F7425); anti-GAG
(Developmental Studies Hybridoma bank, AMV-3C2, 1:50); and
anti-GAPDH (Thermo Fisher 1:1000 #AM4300). Licor (Cedarlane
Laboratories, Burlington, ON, Canada) secondary antibodies were
incubated at 1:10 000 for 1 h at room temperature. Membranes
were scanned using near-infrared Licor scanner (Odyssey).

Statistical analysis

All statistical analyses for BrdU, luciferase, cell shape, cell den-
sity, Golgi orientation, limb morphometrics and luciferase assays
were done using one-way ANOVA, followed by Tukey’s or Fisher’s
LSD post hoc test for multiple comparisons. T-tests were used for
paired densitometry readings. Statistica software v 6.0 was used.
For densitometry, software from the Licor scanner was used and
values were normalized to GAPDH for the cell lysate. The media
values were normalized to two non-specific bands that were
present in all samples.
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Supplementary Material is available at HMG online.
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