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Avian Facial Morphogenesis Is Regulated by c-Jun N-terminal
Kinase/Planar Cell Polarity (JNK/PCP) Wingless-related (WNT)
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Background: Numerous genes contribute to the increased risk of facial clefting, but the cellular mechanisms involved are

not well understood.

Results: JNK/PCP wingless-related signaling is demonstrated as a major regulator of face shape.
Conclusion: WNT11 induces clefting via inhibiting proliferation, compressing facial prominences, and changing cell behavior.
Significance: JNK/PCP WNT signaling is implicated in the pathophysiology underlying craniofacial abnormalities.

Wingless-related proteins (WNTs) regulate extension of the
central axis of the vertebrate embryo (convergent extension) as well
as morphogenesis of organs such as limbs and kidneys. Here, we
asked whether WNT signaling directs facial morphogenesis using a
targeted approach in chicken embryos. WNT11 is thought to
mainly act via B-catenin-independent pathways, and little is
known about its role in craniofacial development. RCAS::WNT11
retrovirus was injected into the maxillary prominence, and the
majority of embryos developed notches in the upper beak or the
equivalent of cleft lip. Three-dimensional morphometric analysis
revealed that WNT11 prevented lengthening of the maxillary
prominence, which was due in part to decreased proliferation. We
next determined, using a series of luciferase reporters, that WNT11
strongly induced JNK/planar cell polarity signaling while repress-
ing the B-catenin-mediated pathway. The activation of the JNK-
ATF2 reporter was mediated by the DEP domain of Dishevelled.
The impacts of altered signaling on the mesenchyme were assessed
by implanted Wntll- or Wnt3a-expressing cells (activates
B-catenin pathway) into the maxillary prominence or by knocking
down endogenous WNT11 with RNAi. Host cells were attracted to
Wntl1 donor cells. In contrast, cells exposed to Wnt3a or the con-
trol cells did not migrate. Cells in which endogenous WNT11 was
knocked down were more oriented and shorter than those exposed
to exogenous WNT11. The data suggest that JNK/planar cell polar-
ity WNT signaling operates in the face to regulate several morpho-
genetic events leading to lip fusion.

In craniofacial development, hox-negative cranial neural
crest cells provide the majority of mesenchymal cells giving rise
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to the facial skeleton and connective tissue (1). Once the neural
crest cells complete migration into ventral regions of the head
(2, 3), buds of mesenchyme encased in epithelium, facial prom-
inences, form around the primitive oral cavity. The facial prom-
inences each contribute to a different region of the face as fol-
lows: the frontonasal mass gives rise to the facial midline, the
maxillary prominences form the palate and sides of the upper
jaw, and mandibular prominences form the lower jaw (4). The
lip is formed by fusion of the frontonasal mass with the maxil-
lary prominence, and disruption of this critical step leads to
cleft lip with or without cleft palate, an all too common cranio-
facial defect (5).

It is thought that differential proliferation is critical for out-
growth of the facial prominences, which results in contact and
eventually fusion (6 —12). However, there are dramatic changes
in the shape of facial prominences that may require additional
mechanisms. During embryogenesis, each prominence appears
to elongate in the craniocaudal axis while becoming narrower
in the perpendicular or mediolateral axis. This has been docu-
mented best in the frontonasal mass (10, 13) but also takes place
in the maxillary prominence (7). These shape changes are con-
served in amniotes. Potential mechanisms for the rapid changes
in shape may include convergent extension, directed migration,
or oriented cell division. Recently, the contribution of prolifer-
ation, oriented cell division, and cellular rearrangement have
been calculated in relation to the elongation of the mouse sec-
ondary palate that is derived from the maxillary prominence
(14). Although proliferation still played the predominant role,
up to 40% could be attributed to cell rearrangement. In an ear-
lier study, the expansion of small groups of facial cells labeled
with 1,1'-dioctadecyl-3,3,3',3'-tetramethylindocyanine per-
chlorate was mapped in chicken embryos (7). Here, the authors
proposed that mesenchymal cell movement was characteristic
for different regions of the facial prominences. They also noted
that the polarized expansion of mesenchyme was more than
could be accounted for by proliferation. Using the 1,1'-diocta-
decyl-3,3,3',3'-tetramethylindocyanine perchlorate injection
method, it was not possible to resolve single cells, so the ques-
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tion of whether mesenchymal cells are aligned to specific axes
could not be determined.

In other experimental systems, the role of individual cell
polarity in maintaining tissue morphology is more defined. In
epithelium, membrane and cytoplasmic proteins are distrib-
uted asymmetrically leading to apico-basal polarity that is per-
pendicular to the basement membrane (15). Many core com-
ponents of this epithelial planar cell polarity (PCP)? pathway
are also conserved in mesenchymal cells (16). It is not known
whether facial mesenchyme cells are using PCP pathway com-
ponents to orient themselves.

The PCP pathway we are studying here involves the Frizzled
(Fzd) receptor that binds to WNT proteins (Wingless-related
murine mammary tumor virus integration site, related to the
Drosophila gene wingless). The disruption of the WNT PCP
pathway is at the root of many embryonic defects affecting axis
elongation (17, 18), endochondral bone formation (19); how-
ever, the role of this pathway in craniofacial development has
not been explored in detail.

It is important to distinguish the two classes of WNTs as
follows: those that are dependent on B-catenin (Ctnnbl, cad-
herin-associated protein -1) and those that act independently
of B-catenin. The B-catenin-dependent Wnts do not lead to
recruitment or activation of PCP effector proteins. Instead,
ligand binding triggers disruption of the B-catenin disruption
complex, allowing shuttling of accumulated -catenin into the
nucleus where it activates transcription of target genes such as
LEF]I.

The B-catenin-independent WNTs bind to Fzd alone or
receptor tyrosine kinases such as Ror2. Following binding to
Fzd, the cytoplasmic protein Disheveled (Dvl) is recruited to the
cell membrane. Dvl is one of the core components of the PCP
pathway. After Dvl is mobilized, small GTPases, Rho and
Rac, are activated, leading to JNK phosphorylation (20 -22).
The binding to Fzd also recruits membrane proteins Vangl2
(Van Goh-like 2) and Prickle, which are components of the
PCP pathway (23). Therefore, good readouts of PCP activity
include activation of JNK signaling and/or alterations in
morphogenesis.

Other B-catenin-independent pathways could also be acti-
vated by WNT proteins, depending on the cellular context. The
calcium pathway involves activation of protein kinase C (PKC)
and calcium calmodulin kinase II (24-26). Finally, some
WNTs, such as WNT5A, bind to receptor tyrosine kinase Ror2
that complexes with Vangl2 to antagonize B-catenin-mediated
transcription (27). However, neither the calcium nor the Ror2-
mediated pathways affect cell polarity.

A possible role for PCP-mediated Wnt signaling in human
craniofacial morphogenesis is supported by the phenotypes of
Robinow syndrome. Mutations in WNT5A (28) or its receptor
ROR2 (29, 30) cause dominant or recessive Robinow syndrome,
respectively. The phenotypes are complex and include broad
nasal bridge, micrognathia, clefting, and brachydactyly. Studies

3 The abbreviations used are: PCP, planar cell polarity; RFP, red fluorescent
protein; Fzd, Frizzled; Dvl, Disheveled; ANOVA, analysis of variance; CM,
conditioned medium; DODAC, N,N-dioleyl-N,N-dimethylammonium chlo-
ride; DOPE, 1,2-dioleoylglycero-3-phosphatidylethanolamine.
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on Wnt5a homozygous null mouse embryos suggest that
altered mesenchymal cell behavior is most likely at the root of
the human deformities. The shape of limb buds is altered and
palatal shelves are shortened in Wnt5a mutants (31-33). How-
ever, in these mouse studies, no attempt was made to identify
which type of Wnt signaling is active in craniofacial mesen-
chyme. One of the barriers to performing such work is that
densely packed facial mesenchyme of later stage embryos is
hard to image at the single cell level. Recently, the inducible
confetti reporter mouse has been used to label cells and their
progeny in the palate (14). This mouse model will no doubt be
crossed into many mutant lines in the future. The chicken
embryo face is accessible during stages of lip fusion and can be
transfected with plasmids using liposomes (34). It is thus pos-
sible to combine local manipulations of signaling pathways with
these transfection methods to study the effect on cell behavior.

Here, we explore the role of WNT11 in facial morphogenesis
for four reasons. First, WNT11 is locally expressed in the dis-
crete regions of the face (35) and could be mediating facial mor-
phogenesis. Second, WNT11 activates 3-catenin-independent
pathways in the majority of contexts (36), so there is a strong
possibility that WNT11 will activate one or more of the these
alternative WNT pathways in the face. Third, there are two
animal models in which Waut 11 has been disrupted. Loss of
wntll function in slb (silberblick) zebrafish mutants leads to
abnormal extension of axial tissues resulting in cyclopia and
head defects (17). In the mouse, germ line targeting of Wnt11
resulted in lethality at E12.0 and kidney defects in the majority
of embryos (37). In this mouse knock-out, the neomycin cas-
sette was left in the gene, which could have affected the pheno-
types (38, 39). It is interesting that the transient knockdown of
Wmntll in organ cultures of palatal shelves inhibits fusion of the
palate (40). Fourth, human data suggest that WNT11 polymor-
phisms contribute to increased risk of facial clefting (41, 42).
The animal and human data motivated us to investigate
WNT11 in avian facial development.

In this study, we show that WNT11 misexpression induces
cleft lip. These effects can be attributed partly to decreased
proliferation but also to abnormal morphogenesis, both of
which are mediated by ectopic activation of the JNK/
PCP-pathway.

EXPERIMENTAL PROCEDURES

Chicken Embryos—All animal work was approved under Uni-
versity of British Columbia protocol A11-0351. Fertilized
chicken eggs were obtained from the University of Alberta and
incubated until they reached the appropriate stage (43).

Targeting of RCAS Retrovirus to the Face—RCAS virus con-
taining chicken WNT11 was obtained from P. Francis-West
(44) and grown in DF1 fibroblasts for 3—4 weeks as described
(45). Fibroblasts expressing either RCAS:WNTII (44) or
RCAS::GFP (obtained from Stephen ]. Gaunt) were injected
into the presumptive maxillary region of stage 15—17 embryos
(46). Embryos were reincubated for 48 h, processed either for
whole mount in situ hybridization, immunofluorescence,
BrdU, or TUNEL staining as described (11, 34, 47). For skeletal
analysis, embryos were incubated until stage 38 and stained for
cartilage and bone as described (48).
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Lipoplex Transfection of shRNA and RFP Plasmids in Vivo—
The shWNT11 plasmid was obtained from others (49), and the
shGFP targeting construct was cloned in our laboratory follow-
ing published sequence (34, 50). Liposomes composed of 18 mm
DODAC/DOPE were mixed with shRNA plasmids or empty
pRFPRNAI vector to create lipoplexes. The parent vector con-
tains a sequence coding for RFP upstream of the shRNA cas-
sette. The lipoplex mixture was injected into the maxillary
prominence at stage 18, and embryos were grown for 24—30 h
until stage 23-24. Embryos were processed into wax for BrdU
staining (34).

BrdU Cell Counts—The percentage of BrdU-positive cells
out of the total number of DAPI-stained nuclei was counted
using Northern Eclipse or Image] software. Three technical
replicates were averaged to give the mean value for each biolog-
ical replicate (n = 3 for all except RCAS:WNTI11, n = 4).
Treated and control (RCAS::GFP, shGFP) prominences were
analyzed, and statistical analysis was carried out using Student’s
t tests with p = 0.05.

Volumetric Measurements Using the Optical Projection
Tomography Scanner—Optical Projection Tomography scans
(51) were carried out on embryos 48 and 72 h post-injection of
RCAS::WNT11 virus. Control embryos were not injected with
virus. Following fixation in 10% formaldehyde, embryos were
embedded in 1% low melting point agarose. Agarose blocks
were extensively dehydrated using 4 -5 changes of 100% meth-
anol over 48 h and then were replaced with benzyl benzoate/
benzyl alcohol, 2:1. Cleared and trimmed blocks were glued to
mounts with cyanoacrylate and scanned on the GFP1 channel
(autofluorescence, exited at 425 nm) in an Optical Projection
Tomography scanner (Bioptonics, UK).

Scans were reconstructed and resliced in the frontal plane
using CT An software (version 1.10.1.0, SkyScan). A power anal-
ysis carried out on preliminary data to determine that three
specimens would be sufficient to detect volume differences at
72 h following virus infection. Here, we analyzed five 48-h
embryos and nine 72-h embryos injected with RCAS: WNT11.
The volumes and dimensions of nontreated embryos were also
measured (stage 24, n = 5, and stage 28, n = 6). Volumes of
interest were created in Amira by tracing the maxillary promi-
nences in individual slices. Linear measurements across the
region of greatest width or height were made in rotated
views. Screenshots and movies were exported for illustrative
purposes. To eliminate possible stage differences between
embryos, within the specimen normalization was carried out
for all measurements (treated/nontreated side), and ratios
were compared with nontreated control embryos of a similar
stage. Ratios for 48- and 72-h specimens were analyzed using
Student’s ¢ tests with p = 0.05.

Micromass Culture and Luciferase Assays—Embryos were
injected with WNT11 virus at stage 16, and after 48 h the
infected maxillary prominences were dissected, and epithelium
was removed with trypsin and dissociated as described (52).
Spots of 10 ul (2 X 107 cells/ml) were plated on 35-mm Nun-
clon plates and allowed to attach for 1-2 h, following which 1
ml of media were added. Base media consisted of F12/DMEM
60:40, 10% FBS, antibiotic/antimycotic, L-glutamine, 10 mm
B-glycerol phosphate, and 50 wg/ml ascorbic acid. Media were
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changed on alternate days. For a subset of experiments, cells
were treated with Wntl1 or control conditioned media from
the parent, and the rat B1 fibroblast cell line was transformed
with empty viral vector (LNCX virus (53)). The effect of
Wntl11-CM was identical to the Wnt11 virus (data not shown);
to be consistent with the in vivo data, we used RCAS:WNT11
for the majority of micromass culture experiments. Positive
controls consisted of Wnt3a-conditioned media (activates
B-catenin-mediated signaling) or Wnt5a (antagonizes
B-catenin-mediated signaling and activates the JNK path-
way). Conditioned media were collected the day after con-
fluence was reached and combined 1:1 with base media.

Mesenchymal cells were transfected with various DNA con-
structs using DODAC/DOPE liposomes (34). Super Topflash
plasmid was used to measure 3-catenin-mediated Wnt activity
(54) or ATF2-luc to measure PCP/JNK activity (55). Gallus
DVL function was perturbed with mutated forms of Xenopus
Dvl as follows: DvI-APDZ and Dvl-ADEP (56). In addition, the
isolated Gallus DEP domain of DVL was cloned into pMES (gift
of P. Fairlie). The lipoplex compositions were as follows: Firefly
luciferase reporter (0.2 pg) + DVL plasmid (0.3 ug) + Renilla
luciferase (0.05 pg) mixed with 0.2 ul of 18 mm DODAC/
DOPE. When only Firefly reporter and Renilla were used, the
total amount of DNA was 0.5 ug (0.375 ug of Firefly + 0.125 ug
of Renilla). Transfection mixtures were mixed with the cell sus-
pension just prior to plating. Relative units of luciferase activity
(Firefly/Renilla) were detected after 48 h of cell growth using
the Dual-Luciferase assay kit (Promega). For each condition,
seven biological replicates were carried out. Data were normal-
ized to LNCX control values and were analyzed by one-way
analysis of variance (ANOVA), followed by Tukey’s post hoc
test for multiple comparisons using Statistica version 6.0.
Results were considered to be significant when p was less than
0.05.

Quantitative RT-PCR—Pools of maxillary prominences were
dissected and frozen in liquid nitrogen, and RNA was extracted
using the RNeasy kit from Qiagen. On average five to six max-
illary treated prominences were pooled into each replicate, and
we collected four biological replicates for each experimental
condition. SYBR-based quantitative RT-PCR was carried out in
a StepOnePlus PCR machine (Applied Biosystems), using the
following program: 30 s of enzyme activation at 95 °C followed
by DNA denaturation at 95 °C for 5 s; annealing/extension for
amplicons for 20 s at 60 °C for 40 cycles, and finally a melt curve
step for 2 s at 65-95 °C in 0.5 °C increments. Human 18 S was
amplified as the housekeeping control gene (ABI). Primer
sequences for Gallus WNTI11, DKKI, LEF1, MSX1, MSX2,
DLXS5, IRF6, TBX22, and SOX9 were as follows: WNT11,
forward GGCACGGGAAGTCATAAAGA and reverse GCA-
GAAAGGGCATACACAAATG; DKK1, forward GGCCCTT-
TGAAATCCCATCC and reverse CCTTGTTGCTACCGTC-
GAAG; LEFI, forward CATCAAGTCCTCGCTGGTC and
reverse GCCCTTGTCATGGTAGGAATC; MSXI1, forward
ACAGATCCAAACGGTGAAGG and reverse AGGAGAGG-
AAGAGACACGG; MSX2, forward AGAGGCCGGGAGATA-
TTCG and reverse TTTGGAAGGAGAAGCCATCG; DLX5,
forward GAAGACCCAATACCTCGCC and reverse ACCCT-
TCTGTCAAACACTGC; IRF6, forward TTATGAAGTGTG-
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CGATATCCCG and reverse TCTTGAATAGGGACATGCT-
GAG; TBX22, forward CGCACCTTCTCCTTCCAG and
reverse GGGTTCCTATCGATCTTCAGC; SOX9 forward
CTGGGCAAGCTGTGGAG and reverse GGTTGGTACT-
TGTAGTCGGG.

Fold differences were calculated first relative to 18 S and
then the AAC, method was used to calculate relative change
in expression of RCAS::WNTI1I-treated RNA relative to
RCAS::GFP controls or shWNT11 relative to shGFP controls
(57). Two-tailed ¢ tests were calculated on the ACt values for
biological replicates of experimental and control samples.
S.E. was calculated on the relative fold change of the biolog-
ical replicates.

Cell Tracking Experiments and Confocal Microscopy, Cell
Pellet Grafts—The posterior/proximal maxillary prominence
was transfected with the parent pRFPRNAi plasmid that
expresses RFP (50). In the same embryo, the anterior maxillary
prominence was injected with Wntll, Wnt3a, or the parent
LNCX cell line (53). Cells were mixed with DiOC,4(3) (3,3'-
dioctadecyl-5,5'-di(4-sulfophenyl) oxacarbocyanine, sodium
salt) to make them visible in the green channel. Embryos were
incubated for 24 h, fixed in 4% paraformaldehyde, embedded in
2% agarose, and sectioned with a vibratome (75-100 um). Sag-
ittal sections were washed in PBS, passed through an MeOH
series (25, 50, 75, and 100%) for 5 min each and then incubated
in 1 pg/ul DAPI (Invitrogen) in MeOH for 30 min. Following
rehydration into PBS, sections were coverslipped using Prolong
Gold Antifade (Invitrogen) without DAPIL Z-stacks were
obtained using a Leica TCS-SP5 confocal microscope. A long
working distance 25X water immersion objective was used to
increase the ability to resolve cell processes in the thick
sections.

shWNT11 Knockdown in Vivo—The anterior maxillary
prominence was transfected with the enhanced GFP plasmid
pCAX, although the posterior maxillary prominence was trans-
fected with the shWNT11 or shGFP plasmids using DODAC/
DOPE. Because the native enhanced GFP signal is lost during
processing, we modified the protocol to include an anti-GFP
antibody step (1:2000, Synaptic System) prior to coverslipping.

Image Analysis—Confocal image stacks were imported into
Image]. The cell counter plug-in and line tool were used. Three
embryos were analyzed per treatment (two to three biological
replicates and 100-200 cells per section). The proportion of
total host cells labeled with RFP was located in three regions:
proximal or close to the site of transfection, middle or midway
between the injection site and the Wnt-secreting cells, and dis-
tal or close to the Wnt cells. The greatest distance across the cell
was measured in the confocal stack using the line tool. The
same cell could be tracked through several images, and a
marker was placed on one end of the cell and then the other end
was placed several images later. The cells were grouped into five
bins as follows: bin 1, 10 —15 wm; bin 2, 15-20 wm; bin 3,20 -25
pm; bin 4, 25-30 wm; bin 5, 30 wm or greater. Each bin con-
tained five or more cells. The number of observations per bin
was used for nonparametric tests. The percentage of cells out of
the total number per bin was used for factorial ANOVA fol-
lowed by Tukey’s post hoc testing. The post hoc tests deter-
mined whether there were significant differences in cell length
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between the five bins and by treatment. For cell angle measure-
ments, the image stacks were rotated to keep the position of the
eye and maxillary prominence horizontal with respect to the x
axis. This line is ~90° to the craniocaudal or vertical axis of the
head. Cell angle was analyzed in 75-100 randomly selected cells
taken from the image stack using Image]. Angular values were
imported into Rose.net, Version 0.10.0.0, 2012, Todd A.
Thompson Software. Data were divided into wedges or bins of
30°, and percentage observations for each bin were plotted.
Polar plots were exported into Adobe Illustrator.

RESULTS

Global Misexpression of WNTI11 in the Maxillary Promi-
nence Induces Cleft Lip—During normal development of the
avian face, WNT11 is localized to the mesenchyme of the max-
illary prominence and in the lateral edges of the mandibular
prominence but not in the frontonasal mass (Fig. 14) (35).

To begin to understand the WNT11 function, we injected a
replication-competent retrovirus RCAS:: WNT11 into the max-
illary prominence at stage 15—16 (E2). Following incubation for
48 h, there was expression of exogenous WNTI11 throughout
the targeted prominence with no spread to the contralateral
side (Fig. 14, n = 10/10). When allowed to grow further, the
upper beak was unilaterally affected, usually displaying a notch
or cleft on the treated side (n = 14/22, Fig. 1, C and D). In
controls injected with RCAS::GFP, the embryos developed nor-
mally (Fig. 1, E-E"). Upon clearing and staining, the majority of
RCAS:WNT11-infected embryos had skeletal defects (n =
20/22; Fig. 1, C’, C", D', and D"). Induction of clefts and bone
defects are therefore the main phenotypes caused by WNT11
misexpression in our system.

WNT11 Regulates a Subset of Genes Involved in Clefting—We
next delineated the molecular pathways that could be mediat-
ing the cleft phenotypes. RCAS:WNTI1 expression was
increased massively (Fig. 1B; 150-fold, p = 2.00E-06), which
confirms a high titer viral infection. We examined the effect on
several genes involved in the WNT pathway, orofacial clefting
and intramembranous bone formation. Interestingly, of the
WNT pathway genes, only the antagonist DKK1 was signifi-
cantly changed (LEFI was not affected). DKK1 specifically
antagonizes the (-catenin-dependent WNT pathway, so it is
curious that there is a 60-fold down-regulation of this gene.
One possibility is that WNT11 has antagonized the B-catenin-
dependent pathway. The lower level of signaling may trigger the
decrease in DKK1 expression to restore homeostasis.

Clefting genes include MSX1 (58), TBX22, and IRF6 (5, 47,
58—65). Of the three, only MSX1 was decreased significantly
in WNT11 gain-of-function experiments (Fig. 1B; MSX1I,
—2-fold, p = 0.004).

Because bone formation was inhibited by WNT11 retrovirus,
we also examined two genes involved in intramembranous
bone formation, DLX5 (66, 67) and MSX2 (68, 69). DLX5
decreased by —11-fold (p = 0.01), but MSX2 did not change in
RCAS:WNT11-infected embryos (Fig. 1B). The decreases in
DKKI, MSX1, and DLX5 are the first possible targets identified
for WNT11. It is likely that the down-regulation of target genes
is indirect and could be mediated by changes in other signaling
pathways such as the B-catenin WNT pathway.
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RCAS::WNT11 effects on target gene expression
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FIGURE 1. Overexpression of WNT11 virus causes clefts. A, RCAS:WNTT11 injected into the maxillary prominence at stage 16 and fixed 48 h later at stage 24.
Expression of POL probe confirms the virus spread on the right side (arrowhead). B, quantitative PCR measurement of gene expression change in WNT11-
infected maxillary tissue, 48 h post-infection. Fold differences in expression were calculated relative to the GFP controls. Asterisks indicate genes that were
significantly different. (****, p < 0.00001; ***, p < 0.001; **, p < 0.01) than GFP control RNA. C-D", stage 38 embryos with RCAS:WNT11 injected into the
maxillary prominence at stage 15, photographed externally and after staining the skeleton. C-C", an example of a severe phenotype with a notched upper beak
oracleft lip. The premaxilla is truncated and the palatine bone is shortened (arrowheads). The maxillary bone is displaced proximally (arrow). D-D", an example
of amild phenotype with absent jugal bone (arrowheads). E-E", a control embryo injected with RCAS::GFP at stage 15. The GFP signal is visible on the lateral side
of the beak. The skeleton has developed normally. The abbreviations used are as follows: e, eye; ju, jugal bone; mx, maxillary prominence; mxb, maxillary bone;

np, nasal pit; p, palatine; gj, quadratojugal; pmx, premaxilla; pt, pterygoid. Scale bars, A, 500 um; Bar in C" applies to C-F", 5 mm.

We next turned to loss-of-function experiments to tease out
which aspects of morphogenesis require WNT11. No informa-
tion exists on loss-of-function of WNT11 in the head, except for
the cyclopia observed in the zebrafish mutant, Silberblick (17).
We used local transfection with liposomes to deliver a
shWNT11 construct previously shown to block muscle cell
elongation (49). We confirmed that this plasmid knocked down
RNA expression in a previous study (34), and we measured a
10-fold knockdown with quantitative PCR (Fig. 4F). However,
when embryos continued development, no phenotype was
observed (data not shown, n = 15). It was possible that effects
on cells were transient, and eventually gene expression was
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restored to normal levels. In addition, the targeting of the
knockdown construct may not have covered the entire domain
of WNT11 expression.

WNT11 Alters Morphogenesis of the Maxillary Prominence—
It is possible that the WNT11 virus had decreased the overall
volume of the maxillary prominence and/or changed a specific
dimension, both of which prevented contact and fusion with
the frontonasal mass. Noninjected embryos had a high degree
of symmetry in their right and left maxillary prominences. Con-
sequently, the mean ratio of right/left maxillary volumes was
0.99 (Fig. 3F). During the next 24 h, the maxillary prominence
maintains mediolateral width while expanding in the perpen-
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FIGURE 2. Morphometric analysis of normal maxillary prominences
between stages 24 and 28. Reconstructed maxillary prominences at stage
24 (A and B) and stage 28 (C and D). Isosurfaces have been generated from
segmented maxillary prominences using Amira. Ridges represent circum-
scribed slices. Isosurfaces are rotated to show frontal and sagittal views. Eand
F, at stage 24, the maxillary prominence is normally of equal size craniocau-
dally and medio-laterally (Cr-Ca/ML ratio is 1.19), whereas at stage 28, the
maxillary prominence is three times as long (Cr-Ca/ML ratio is 3.06). The
abbreviations used are as follows: ca, caudal; cr, cranial; d, distal; e, eye; fnm,
frontonasal mass; /, lateral; m, medial; md, mandibular prominence; mxp, max-
illary prominence; np, nasal pit; pr, proximal.

dicular craniocaudal axis (Fig. 2, A-F). The cranial-caudal
length is 3-fold greater than the medio-lateral length at stage 28
(Fig. 2F), but at stage 24 the prominence is nearly spherical (Fig.
2F; cranial-caudal/medio-lateral ratio at stage 24 = 1.19 and at
stage 28 = 3.06). The allometric growth of the maxillary prom-
inence is striking and may indicate that convergent-extension
morphogenesis is taking place.

The volume of the WNT11-treated maxillary prominence
was not significantly different from noninjected controls at
48 h (Fig. 3F, p = 0.3894); however, at 72 h the treated prom-
inences were significantly smaller (Fig. 3, A—E, p = 0.0005,
supplemental movie 1). The virus does not spread to the
contralateral side of the face within such a short period of
embryonic growth as shown by the similar dimensions in
nontreated controls and contralateral maxillary promi-
nences (Fig. 14). Quantification revealed that not only was
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the absolute cranial-caudal length shorter (Fig. 3G; 968 = 45
pm for control and 829 *= 57 um for treated, p = 1.6E-05)
but so was the mean proximo-distal length (Fig. 3G; 485 * 45
pm for control and 405 *= 24 um for treated, p = 0.0001).
The medio-lateral width was unchanged (Fig. 3G; 394 = 21
pm for control and 375 = 32 um for treated, p = 0.0790).
The ratio of cranial-caudal length over ML length was significantly
reduced in WNT11 treated maxillary prominence when compared
with noninjected controls (Fig. 3H; p = 1.43E-05). These maxillary
shape changes could contribute to a failure of contact with the
frontonasal mass, thus leading to cleft lip.

WNT11 Negatively Regulates Proliferation—The volumetric
and shape distortions caused by RCAS:: WNT11 suggested that
cellular dynamics were altered. Indeed, proliferation was signif-
icantly reduced in RCAS::WNT1I-infected mesenchyme (Fig.
4, A, A", and E; p = 0.0002, n = 4) compared with the control
RCAS::GFP embryos (Fig. 4, B-B", and E; n = 3). Typical pat-
terns of proliferation are observed on the unoperated side (Fig.
4A'). There was no increase in apoptosis (n = 3, data not
shown) excluding this as a mechanism for the clefting.

To determine the normal role of WNT11 in regulating pro-
liferation, we analyzed embryos transfected with the knock-
down shWNT11 plasmid. A significant increase in proliferation
occurred (Fig. 4, C—C" and E; n = 3; p = 0.002), although the
control shGFP plasmid had no effect (Fig. 4, D-D", and E; n =
3). Thus, even though shWNT11 did not lead to skeletal defects,
the significant increase in proliferation observed at 24 h indi-
cates that the normal role of WNT11 is to repress proliferation.

The fact that the shWNT11 plasmid had effects on prolifer-
ation 24 h post-transfection suggested that other molecular
changes may have been induced. Indeed, we found that several
genes were differentially expressed, including DKK1, LEFI,
MSX2, and SOX9 (Fig. 4F). SOX9, MSX2, and LEFI were not
affected in response to the virus but were decreased 8-, 5-, and
4-fold, respectively, in the shRNA knockdown. Thus, these
genes require WNTI11 to maintain their expression, but
WNT11 was not sufficient to up-regulate their expression.
Interestingly, in the case of DKK1, we did see a 2-fold up-regu-
lation, which is in opposition to the significant decrease
induced by overexpression of WNT11 (compare Figs. 1B to 4F).
These results support the concept that by lowering WNT11,
the B-catenin-dependent pathway is more active, and therefore
DKK1 is raised to restore equilibrium. However, the 4-fold
reduction in LEFI after ssWNT11 overexpression suggests that
there is less, rather than more, B-catenin available. Further bio-
chemical assays are needed to unambiguously determine the
effect of WNT11 on the B-catenin-dependent pathway.

WNT11 Antagonizes Super Topflash Reporter Activity—To
investigate in more detail the signaling effects of WNT11
within facial mesenchyme, we took advantage of sensitive
WNT reporter assays that indicate activity of either the
B-catenin or the JNK pathway (Super Topflash or ATF2 report-
ers, respectively). To maintain the context, the reporters were
transfected into high density micromass cultures of maxillary
mesenchyme (52, 70). We continued to use the same WNT11
retrovirus as in the in vivo experiments so as to mimic as closely
as possible the conditions present in the whole embryo (Fig. 5,
A-G). We also did a comparison experiment in which condi-
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and bottom of the boxes represent the 25th to 75th quartile, and error bars represent the minimum and maximum values. F, control embryos have very little
right-left variation in volume (mean value is close to 1, dashed line). The mean ratio 48 h post-infection is not significantly different from 1, indicating the virus
has no effect at this time. In contrast, 72 h post-infection the ratio of treated/untreated maxillary volume is significantly less than 1 (p < 0.05). G, majority of
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tioned media from a cell line that stably expresses mouse
Wntll (82) was added to the maxillary cells once they were
place in culture (data not shown).

The Super Topflash reporter was strongly induced in
response to the positive controls (Wnt3a-conditioned media
and LiCl, an antagonist of GSK3p that is a part of the B-catenin
destruction complex; Fig. 54). These data confirm that the
maxillary mesenchyme has the necessary signal transduction
machinery to respond appropriately to increase 3-catenin sig-
naling. However, WNT11 is a potent antagonist of B-catenin
signaling when activated by Wnt3a (Fig. 54). WNT11 is unable
to antagonize the activation of the reporter when LiCl is added
(Fig. 5A). This is different from our previous study where
WNT5A was able to antagonize Wnt3a and LiCl in similar cul-
ture conditions (70). The antagonistic effects of WNT11 are
therefore dependent on GSK3B. We next used the shWNT11
plasmid and found the reduction of WNT11 resulted in a strik-
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ing activation of the Super Topflash reporter (Fig. 54). These
data are consistent with the increase in DKKI expression
described earlier. Therefore, during normal development
WNT11 is likely to be antagonizing 3-catenin-dependent path-
ways in areas of the face where it is highly expressed.

The intracellular mediator DVLis involved in transducing all
WNT pathways that act via FZD receptors. The specificity lies
in which domain of DVL, the DIX, PDZ, or DEP domains, is
mediating the signal transduction. The DIX and PDZ domains
are used in both B-catenin-dependent and -independent signal-
ing, whereas the C-terminal DEP domain directs activity
entirely toward the PCP/JNK signaling pathway (71). The func-
tional consequences of deleting the DEP domain in chicken
embryos are to block cell reorganization during gastrulation
and myotome formation (49, 56, 72). No one has studied the
role of the DVL domains in primary cell cultures. Here, we
confirmed that the PDZ domain is required for Super Topflash
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FIGURE 4. WNT11 regulates cell proliferation and gene expression. BrdU antibody staining 48 h after viral infection or 24 h post-transfection with shWNT11
plasmid. Insets are adjacent sections to show location of the virus with a pol in situ probe (a) or an antibody to viral Gag protein (b). A-A" and E, decreased
proliferation is seen in the RCAS:WNTT11 treated maxillary prominence (p = 0.001). B-B" and E, normal proliferation is observed in the RCAS::GFP-infected
embryos compared with the control, contralateral side. C-C" and E, local transfection with a shWNTT11 plasmid at stage 18 increased proliferation at 24 h (p =
0.0001). D-D" and E, control shGFP plasmid levels were indistinguishable from the RCAS::GFP embryos. F, fold-change in expression levels of genes measured
24 h post-transfection with shWNT11 plasmid. ***, p < 0.001; **, p < 0.01; *, p < 0.05. Scale bars, 100 um.

activity (Fig. 5B) when Wnt3a is added. However, the DEP WNT11 Activates JNK Activity in Facial Mesenchyme via the
domain is neither sufficient nor required for B-catenin-medi- DEP Domain of DVL—W'e hypothesized, based on the morpho-
ated activity (Fig. 5, C and D) as shown for other cell types. genesis changes, that WNT11 had activated PCP-type signaling
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FIGURE 5. Reporter quantification of WNT activity in maxillary mesenchyme. Data are represented as means of seven replicates and error bars = 1 S.D. All
data were normalized to LNCX values. Data comparisons between conditions were made using ANOVA followed by Tukey's post hoc testing. Wnt3a, Wnt5a,
and LNCX were added as conditioned media. GFP and WNT11 treatments involved pre-infecting maxillary mesenchyme with the relevant viruses at stage 16
followed by isolation of the virus-infected mesenchyme from stage 24 embryos. Plasmids containing shWNTT11, shGFP, the luciferase reporters, or the DVL
variants were transfected at the time of plating. A, exogenous WNTT11 blocked activation of Super Topflash by Wnt3a-conditioned media but not by LiCl.
Knockdown with shWNT11 derepressed the endogenous gene and activated the reporter. B, DVL-APDZ reduced Super Topflash activity induced by Wnt3a-CM
as expected. C, DEP domain fails to activate the reporter. D, removal of the DEP domain has no effect on B-catenin-mediated activity. £, WNT11 and Wnt5a
activated the ATF2 reporter by 15-fold relative to the controls. The addition of DVL-APDZ blocked the activation of the ATF2-reporter by WNT117 and Wnt5a. F,
isolated DEP domain is sufficient on its own to activate ATF2 to similar levels produced by WNT71 or Wnt5a-CM. The DEP domain combined with WNTT11 or
Wnt5a-CM results in a massive synergistic effect on the level of ATF2 luciferase activity. G, DVL-ADEP dampens activation of the ATF2-luc reporter by WNT11

virus or Wnt5a-CM.

and that DVL was mediating this activity. We used an ATF2
luciferase reporter, which is a robust readout for JNK signaling
in Xenopus embryos (55).

We determined that the WNT11 virus strongly activates the
ATEF2 reporter as does the positive control, Wnt5a-conditioned
media (CM) (Fig. 5E). Wnt3a-CM fails to activate the reporter
(Fig. 5E). The deletion of both the PDZ (Fig. 5E) and DEP (Fig.
5F) domains significantly blocks activation of the ATF2-luc
reporter by WNT11 virus. Addition of the isolated DEP domain
increased basal ATF2 activity above controls (Fig. 5F); however,
when added to cultures infected with RCAS:: WNT11, there was
aremarkable synergistic effect (Fig. 5G). These data strengthen
the link between WNT11 and 3-catenin-independent signaling.
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Moreover, the specific involvement of the DEP domain con-
firms that PCP pathways are involved in transducing the signal.

Whntll Acts as a Chemo-attractant in the Face—Based on the
changes in morphology of the maxillary prominence and the
activation of PCP-type signaling, there was justification to
explore in more detail the role of WNT11 on the individual cell
morphology that is often affected when JNK/PCP signaling is
perturbed. Furthermore, cell behavior analysis could be used to
determine which signaling pathway is most active in gain- and
loss-of-function experiments in vivo. Focal transfections of
host mesenchyme with an RFP plasmid were combined with
cell injections into the opposite end of the maxillary promi-
nence. The identical cell lines used to express conditioned
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media for luciferase assays were used for these experiments
(Wntl1, Wnt3a, or LNCX parent cell lines for the stably trans-
formed Wnt cell lines). Slightly older embryos (stage 24) were
injected to allow a sufficient separation between the host and
source cells (~350 um), and embryos were followed for 24 h. In
the presence of Wnt11, many RFP-labeled cells passed the level
of the choroid fissure of the eye (3/3) and intermingled with the
donor Wntll cells (Fig. 6A"). However, in embryos injected
with Wnt3a, cells reached the choroid fissure but did not inter-
mingle with the donor cell pellets (Fig. 6, B and B, 3/3). Simi-
larly, control LNCX cells do not induce movement of RFP-
positive host cells past the choroid fissure (Fig. 6, Cand C’, 3/3).
In both Wnt3a- and LNCX-treated embryos, the RFP-positive
cells expanded into a streak beneath the eye. The proximo-
distal expansion therefore represents the normal pattern of
growth in this region of the maxillary prominence.

We quantified the spread of host mesenchymal cells by
counting the proportion of labeled cells in thirds of the maxil-
lary prominence, close to the transfection site (proximal), mid-
way (center), and close to the donor cells (distal). We found that
in Wntll-treated embryos (n = 3), 40% of cells were in the
proximal third, 45% were in the middle third, and 25% were
found in the distal third of the maxillary prominence close to
the donor cells (Fig. 6D). In Wnt3a (n = 2) or LNCX-treated
embryos (n = 2), 75% of cells were in the proximal third, and the
remaining 25% was divided between the middle and distal
thirds (Fig. 6D). We confirmed that there was no decrease in the
size of the maxillary prominence during the 24-h experimental
period (Fig. 3F). Therefore, the movement of cells toward the
source of Wnt11 was not due to contraction of tissues, bringing
together the site of injection and the site of cell implantation.

Because PCP signaling affects the cytoskeleton, we analyzed
several parameters relating to cell morphology. The typical
maxillary mesenchyme cell is ~10-20 wm in length and is
characterized by numerous cell processes extending in all
directions. Measurements of the length of the major axis
revealed that the type of cell pellet had no effect on length (fac-
torial ANOVA, data not shown). We also examined the orien-
tation of cells relative to a horizontal line connecting the ante-
rior margin of the maxillary prominence and the eye. The data
suggest that although there is generally a high degree of orien-
tation in mesenchymal cells, there is slightly more variability in
orientation of the Wntll-exposed cells (Fig. 6, E-G). The
migration and randomized cell orientation effects combined
with the luciferase data support the idea that WNT11 is capable
of activating a subset of PCP-type mechanisms in the face.

WNT Knockdown Leads to Shorter, More Oriented Cells—
The data thus far have shown that exogenous WNT11 is capable
of activating PCP/JNK signaling and is sufficient to alter cell
behavior. However, we wanted to address whether WNT11 is
required for orientation, cell movement, and elongation of mes-
enchymal cells. We used the shWNT11 construct that also
expresses RFP and transfected this plasmid into the posterior
maxillary prominence (Fig. 7, A—B"). The GFP plasmid, pCAX,
was transfected anteriorly to detect long range effects of knock-
ing down WNT11 (Fig. 7, A” and B"). There were no differ-
ences in cell length or orientation of the anterior pCAX-labeled
cells suggesting that either there was no long range signaling or

24162 JOURNAL OF BIOLOGICAL CHEMISTRY

that, for technical reasons, knockdown was insufficient to pro-
duce a phenotype. There was also no qualitative change in the
distribution of RFP or GFP cells in macroscopic examination of
experimental and control specimens (# = 12 for control shGFP
and n = 12 for shWNT11). In contrast, there were significant
cell-autonomous effects observed with confocal analysis. Cells
expressing shWNT11 (n = 3) were shorter than control shGFP
cells (n = 4, Kolmogorov-Smirnov test, median significantly
different, p < 0.001, Fig. 7, C and D). In addition, factorial
ANOVA revealed that the percentage of shWNT11 cells in Bins
4 and 5 was lower compared with shGFP (p < 0.001). Finally,
the angle of sShWNT11 cells appeared to be less random than
shGFP cells (Fig. 7, E and F). Thus, lowering the level of WNT11
may allow the cells to align themselves to other morphogen
gradients.

DISCUSSION

Here, we determined that WNT11 acts through pathways
independent of B-catenin to regulate several key aspects of
facial morphogenesis, including the elongation of facial prom-
inences, proliferation, lip fusion, and skeletal patterning (Fig. 8).
At the molecular level in primary cultures of facial mesen-
chyme, we determined Wntll but not Wnt3a is sufficient to
activate the JNK/PCP pathway via the DEP domain of DVL. We
also demonstrated cross-talk with the B-catenin-dependent
WNT signaling pathway such that antagonism requires an
intact GSK3 complex. At the cellular level, we demonstrated
that endogenous WNT11 is required for cells to elongate and
proliferate. WNT11 is also sufficient to act as a chemo-attrac-
tant in the face and to randomize cell orientation.

WNT11 Affects Processes Involved in Lip Fusion—Formation
of the primary palate or lip involves outgrowth of adjacent facial
processes, contact between epithelia, followed by degradation
of the epithelial seam and formation of a mesenchymal bridge.
This process is largely conserved in humans (73, 74), mice (75,
76), and chickens (11, 77). Much of our previous work had
focused on two mechanisms, decreased proliferation and
increased apoptosis inhibited lateral outgrowth and contact of
the facial prominences (11, 77). Here, we showed that initially at
stage 24 there was a decrease in proliferation; however, the
volume and shape of the maxillary prominence were unaf-
fected. In the next 24 h (72 h post-infection), the shape changes
became apparent (15% decrease in craniocaudal and proximo-
distal length). The timing of proliferation and shape changes
suggests they are related and lead to clefting. It is logical that
impacting the axis in which the most growth occurs leads to
clefting.

In normal development, the absolute width of the maxillary
prominence is increased by 20% between stages 24 and 28. In
contrast, the craniocaudal length is increased by 300%. In a
previous study, we mapped proliferation in different regions of
the normal maxillary prominence across stages 24 —29 (78). We
found that at stage 24, the proliferation was even throughout
the mesenchyme, but at stage 28, more proliferating cells were
found in the caudal mesenchyme. By stage 29, this trend was
reversed, and relatively higher proliferation was seen cranially.
The specific pattern of proliferation at stage 28 could account
for some of the dramatic lengthening of the maxillary promi-
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FIGURE 6. Chemotaxis is induced by Wnt11 cells but not by Wnt3a or the control. A, left column is view of embryos 24 h after injection of Wnt-secreting cells
(green fluorescence) and transfecting host mesenchyme with an RFP expression plasmid (red fluorescence). The maxillary prominence is outlined with a dashed
line. Middle and right columns are sagittal vibratome sections through the same embryo in which native RFP fluorescence is visible. Middle column is maximum
intensity projections of a confocal stack through ~75 um of tissue. The right column is a higher power maximum projection through ~20 um of tissue. Short
dashed lines show greatest extension of filopodia and major axis of a particular cell. A-A”, host cells have spread past the choroid fissure and seem to be
migrating toward the pellet of Wnt11-expressing cells. Confocal images from halfway between the injection point and the cell pellet. B-B", host cells have
expanded but not passed the choroid fissure. Cand C’, normal patterns of cell movement/expansion are seen in the controls. D, bars represent the average cell
number from two to three biological replicates plus 1 S.D. Host cells in Wnt11-treated embryos are found in proximal, middle, and distal zones, whereas for
Wnt3a or LNCX control embryos the majority of cells are proximal. E-G, angular data from host cells exposed to different types of cell pellets. Data are arranged
as percentage observations for each 30° segment. Each color represents data from different embryos, and where data overlaps, the colors are combined. £,
Wnt11 appears to have slightly more random cell orientation than Wnt3a (F) or LNCX (G) cells. The abbreviations used are as follows: cf, choroid fissure; mxp,
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FIGURE 7. Knockdown with shWNT11 plasmid shortens and orients cells. A and B, macroscopic views of embryos transfected with RFP-shWNT11 or the
control, RFP-shGFP plasmids posteriorly and GFP plasmid anteriorly. Transfections were carried out at stage 18, and embryos were grown for 24 h until they
reached stage 24. A’-B", confocal images of sagittal slices through the face. The transfection of the RFP plasmid was increased relative to Fig. 6 to more
effectively knock down WNTT 7 expression. Red cells reflect native RFP signal, and green cells were stained with an anti-GFP antibody. More of the cell processes
are visible in the antibody-stained cells giving the impression they are larger than the RFP cells. C and D, histograms showing distribution of cells according to
length measurements taken in Image J, across the stack. Only RFP-positive cells are shown. The curves show the general distribution of observations about the
median. The shGFP cell curve is shifted toward higher bin numbers than the shWNT11 curve. E, close clustering of cell orientation wedges in shWNT11-
transfected cells. F, more randomized orientation of shGFP cells (arrow) in an equivalent region of the maxillary prominence. Each color represents data from
a different embryo. The abbreviations used are as follows: md, mandibular prominence; mxp, maxillary prominence. Scale bar, 500 um for A, A’, B, and B’, 100
um for A”, A”, B, and B".

tal growth. The WNT11 knockdown data where cells were
more highly aligned raise the possibility that another
unidentified signal is taking on the role of orienting cells in
the craniocaudal axis. A candidate could be the fibroblast
growth factor (FGF). When the FGF pathway was activated

nence, especially because in the perpendicular medio-lateral
axis, there is relatively even proliferation. In the presence of the
WNT11 virus, the patterns of proliferation were disrupted, and
this prevented elongation of the prominence in the cranial-
caudal axis.

Linking together the data on shape changes with the cel-
lular data, it is likely that the virus has randomized the ori-
entation of cells all over the maxillary prominence, and this
contributed to the decreased craniocaudal and proximo-dis-
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with RCAS viruses, a downstream negative feedback loop
was induced (79). The net effect was a decrease in pathway
activity. Cells in the frontonasal mass became randomized.
Because FGFS is expressed asymmetrically in the maxillary
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FIGURE 8. Roles of WNT11 during facial morphogenesis. A, during normal
morphogenesis, WNT11 is expressed at the lateral or proximal edges of the
maxillary prominence under the eye (dashed lines). Data from shWNTT11
knockdown revealed multiple roles on cell behavior and molecular signaling,
some of which are characteristic of PCP pathways in other cell types (PCP). B,
WNTT1 overexpression in the right maxillary prominence (short dashes) is suf-
ficient to induce clefts. The mechanisms include several processes that are
typical of PCP signaling in other cell types.

prominence (11), FGF is a long range signal (80) that could
be utilized to orient cells.

Cell-autonomous Roles for WNT11—The approach of using
the shWNT11 plasmid has revealed three new cell-autono-
mous roles for WNT11. These include the following: regulating
proliferation, cell length, and cell orientation. Cell proliferation
is normally repressed by WNT11. Indeed, there is a good cor-
relation between the area of high WNT11 expression under the
eye (35) with the relatively lower proliferation index (78). The
function of WNT11 may be to create the gradient of prolifera-
tion in the maxillar prominence that is necessary to promote
contact and fusion with the frontonasal mass.

The decrease in cell length supports the idea that cells
require WNT11 to form filopodia. We showed that cells were
more oriented when expressing the shWNT11 plasmid than the
shGFP control plasmid. The reduction in cellular processes in
our study may have contributed to cells appearing more highly
oriented. One reason we could not detect a more obvious
change in cell orientation with WNTI1 knockdown is that
proximal maxillary cells are naturally very oriented. This trend
was observed in all specimens analyzed in the study. Thus, it
was probably difficult to measure a further increase in align-
ment above background in the shWNTI1 knockdown cells.
Our results differ from those conducted on the dermomyo-
tome. In two studies, the knockdown of WNT11 leads to disor-
ganization of myofibers (49, 72). Thus, it is likely that WNT11
has context-dependent functions.

JNK-PCP but Not B-Catenin-mediated WNT Signaling Reg-
ulates Cell Migration and Orientation—Based on the data
obtained, we suggest that two different WNT pathways, the
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PCP signaling pathway and the B-catenin-mediated path-
way, have distinct effects on the craniofacial mesenchyme.
Importantly, our extensive biochemical experiments using
luciferase reporters showed that these WNT's trigger differ-
ent signaling pathways and that WNT11 operates via the
DEP domain of DVL. Moving into the in vivo condition, only
when molecular signaling is directed toward the JNK path-
way by exogenous Wntl1, the cells actively migrate. Maxil-
lary cells were also randomized by the ectopic Wntll.
Wnt3a neither attracts nor repels cells. Although we have
not directly demonstrated that Wnt3a is required for cell
orientation, the effects of exogenous Wnt3a are similar to
the control cell line suggesting that 3-catenin signaling is not
involved in cell orientation.

We can envisage that our findings may extend to other
WNTs that do not act via B-catenin. In particular, WNT5A and
WNT5B are prominently expressed in the faces of mouse and
chicken (35, 81). We showed that RCAS:: WNT5A injected into
the mandibular prominence leads to beak deviations (70).
These defects may be due to abnormal cell behavior, which is a
question that will be investigated in a separate study. In the
mouse, Wnt5a regulates morphogenesis of the secondary pal-
ate (32). Cell migration in the palatal shelves was inhibited by
loss of Wnt5a, as shown in dye injection experiments. Because
palatal extension is partially due to elongation and rearrange-
ment of cells (possibly stacking) (14), there is a likelihood that
JNK/PCP signaling could be mediating the effects of Wnt5a
deficiency.

The cellular and molecular properties of WNT11 identified
here first in the avian face may apply to other WNTs and more
generally to other signaling systems. From a technical point of
view, the ability to study cell behavior in the dense mesenchyme
of aliving embryo in a relatively noninvasive manner is a major
advance. The next step will be to visualize the subcellular com-
ponents of the PCP pathway in the presence of different signal-
ing molecules. Finally, our studies on WNT/PCP signaling
provide new insights into the pathophysiology of human
craniofacial abnormalities such as cleft lip with or without cleft
palate.
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