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(Bacl(ground: Ryk acts as a Wnt receptor in several processes, including mouse neuronal development.
Results: Ryk interacts with Wntl1 in zebrafish convergent extension and with Vangl2 in mouse cochlear development and

Conclusion: Ryk is required for Wnt/planar cell polarity signaling during mammalian development and signals via Vangl2 and

Significance: This study extends our knowledge of signaling downstream of Ryk.
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Wnts are essential for a wide range of developmental pro-
cesses, including cell growth, division, and differentiation. Some
of these processes signal via the planar cell polarity (PCP) path-
way, which is a B-catenin-independent Wnt signaling pathway.
Previous studies have shown that Ryk, a member of the receptor
tyrosine kinase family, can bind to Wnts. Ryk is required for
normal axon guidance and neuronal differentiation during
development. Here, we demonstrate that mammalian Ryk inter-
acts with the Wnt/PCP pathway. In vitro analysis showed that
the Wnt inhibitory factor domain of Ryk was necessary for Wnt
binding. Detailed analysis of two vertebrate model organisms
showed Ryk phenotypes consistent with PCP signaling. In
zebrafish, gene knockdown using morpholinos revealed a
genetic interaction between Ryk and Wntll during the PCP
pathway-regulated process of embryo convergent extension.
Ryk-deficient mouse embryos displayed disrupted polarity of
stereociliary hair cells in the cochlea, a characteristic of dis-
turbed PCP signaling. This PCP defect was also observed in
mouse embryos that were double heterozygotes for Ryk and
Looptail (containing a mutation in the core Wnt/PCP pathway
gene Vangl2) but not in either of the single heterozygotes,
suggesting a genetic interaction between Ryk and Vangl2. Co-
immunoprecipitation studies demonstrated that RYK and
VANGL2 proteins form a complex, whereas RYK also activated
RhoA, a downstream effector of PCP signaling. Overall, our data
suggest an important role for Ryk in Wnt/planar cell polarity
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signaling during vertebrate development via the Vangl2 signal-
ing pathway, as demonstrated in the mouse cochlea.

Wnt signaling is necessary for a wide range of developmental
processes, including cell growth, division, and differentiation.
Signaling via the 3-catenin-independent Wnt/planar cell polar-
ity (PCP)* pathway is required for several processes in early
development (1). PCP signaling regulates cell polarization, the
coordinated orientation of cellular structures within the plane
of an epithelium along an axis perpendicular to the apical-basal
axis, and directed cellular movements.

During gastrulation, cells become polarized and converge
mediolaterally by intercalation, leading to extension of the
anterior-posterior axis, a process referred to as convergent
extension (CE) (2). Studies of Xenopus laevis and zebrafish gas-
trulation and CE showed that Wnt11 and the intracellular Wnt
pathway protein Dishevelled (Dvl) are important regulators of
gastrulation via the PCP pathway (3-5).

Mouse knock-outs for several PCP pathway genes have
shown similar phenotypes. One of the most extensively studied
is the spontaneous mouse mutant Looptail. Mice heterozygous
for this mutation in the Vangl2 gene, Vangl2"?’*, have a curly
tail that can be seen in embryos as well as adults, whereas
homozygous mice (Vangl2"?/*P) die at birth, have severe
neural tube defects, and disrupted polarity of hair cell stereo-
ciliary bundles in the cochlea (6 —8). In addition, mice that
are double heterozygotes for two Wnt/PCP pathway genes,
such as Vangl2"?'* with WntSa, Dvi3, or the Scribblel mutant

3 The abbreviations used are: PCP, planar cell polarity; CE, convergent exten-
sion; Dvl, Dishevelled; Fzd, Frizzled; WIF, Wnt inhibitory factor; MEF, mouse
embryonic fibroblast; E, embryonic day; ECD, extracellular domain; WD,
WIF domain; MO, morpholino; GST-RBD, GST-Rhotekin binding domain;
hpf, hours post-fertilization; P, postnatal day; OHC, outer hair cell; IHC,
inner hair cell; TCF, T cell factor.
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Crc, display the same neural tube and cochlear defects as
Vangl2"P""? mice, indicating a genetic interaction (8 —10).

Ryk is a cell surface protein with homology to the receptor
tyrosine kinase family (11, 12). Although kinase-inactive, Ryk
acts asa Wntreceptor in both invertebrates and vertebrates (13,
14). Ryk-deficient mice die on the day of birth; they have cranio-
facial and skeletal defects, axon guidance defects, and fewer
forebrain neurons (15-17). In vitro studies have shown that Ryk
directly interacts with Wnts, the Wnt receptor Frizzled (Fzd) 8,
and with Dvl (16, 18 —20). The Ryk extracellular region contains
a Wnt inhibitory factor (WIF) domain that is believed to be
required for Wnt binding (16, 21). Ryk has been shown to func-
tion as a Wnt receptor in processes including rodent axon
repulsion, axon extension and neuronal differentiation,
zebrafish lateral mesoderm cell migration, and X. laevis conver-
gent extension (14, 16, 17, 19, 22-24).

Here, we show that Wnts bind to the Ryk WIF domain and
that Ryk interacts with the Wnt/PCP pathway during embry-
onic development. Disrupted cochlear hair cell orientation, a
characteristic PCP defect, was observed in Ryk-deficient mouse
embryos and in Ryk and Vangl2"? double-heterozygous
embryos. In addition, we show that RYK protein interacts with
the PCP pathway protein VANGL2 in vitro and that RYK acti-
vates RhoA, a downstream effector of Wnt-Vangl2 signaling.
These findings demonstrate that Ryk is an important mediator
of Wnt/PCP signaling in mammals during development.

EXPERIMENTAL PROCEDURES

Cell Lines—HEK293T and CHO-K1 cells and mouse embry-
onic fibroblasts (MEFs) were maintained in DMEM (Invitro-
gen) supplemented with 10% FBS and were incubated at 37 °C
in 10% CO,.

MEFs were generated using E13.5 mouse embryos from
Ryk*’~ X Ryk™’~ matings. Postmortem embryos had their
heads and abdominal organs removed, were placed in a syringe
with 1 ml of 0.1% trypsin/versene, passed through an 18-gauge
needle several times, and then digested at 37 °C for 30 min.
Digested embryos were triturated and incubated at 37 °C for 15
min. The resulting cells (called passage 0) were plated in 10-cm
tissue culture plates in DMEM + 10% FBS. MEFs were used up
to passage 5 for TCF-luciferase reporter assays.

Mouse and Zebrafish Maintenance—Mice and zebrafish
were maintained in accordance with the Australian National
Health and Medical Research Council “Australian Code of
Practice for the Care and Use of Animals for Scientific Purposes
2004” and in accordance with National Institutes of Health and
University of California at San Diego guidelines for the care and
use of laboratory animals. All experimental procedures on live
animals were approved by the Ludwig Institute for Cancer
Research Animal Ethics Committee or the Peter MacCallum
Cancer Centre Animal Experimentation Ethics Committee.
The generation and genotyping of Ryk-deficient mice have
been described previously (15). Vangl2"*’* mice were origi-
nally purchased from The Jackson Laboratory (LPT/Le]).
Ryk*'~;Vangl2"P’* double heterozygotes were obtained by
mating a Ryk"’~ mouse on a 129T2/Sv genetic background
with a Vangl2"®’" mouse.
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Vangl2 genotyping was performed using the following
primers: Vangl2-R 5'-AAGAGGAAGTAGGACTGGCAG-3/,
Vawt'™™ 5"-CAAACAGTGGACCTTGGTGaG-3', and V2Lp"™™*
5'-CAAACAGTGGACCTTGGTGaA-3’, where the lowercase
letter indicates an LNA nucleotide. The PCR utilized one pair of
primers, V2wt"™* or V2Lp"N* forward primer and Vangl2-R
reverse primer, with Platinum Pfx polymerase (Invitrogen) and
the following cycling conditions: one cycle at 94 °C for 3 min
and then 30 cycles at 94 °C for 155, 63 °C for 155, 68 °C for 30s,
and finally one cycle at 68 °C for 5 min.

DNA Constructs—The mouse Ryk constructs used were as
follows: mature mouse Ryk extracellular domain (ECD; resi-
dues 34—211 of GenBank™ accession number NP_038677.3);
Ryk extracellular domain with a deleted WIF domain (residues
34 -47 fused to 179-211); Ryk WIF domain alone (WD; resi-
dues 48-177); Ryk extracellular domain lacking the region
amino-terminal of the WD (DN residues 48 -211); and Ryk
extracellular domain lacking the region carboxyl-terminal of
the WD (DC; residues 34-179). These Ryk constructs were
subcloned by PCR into pApex-3.Fc.FLAG, between an IL-3 sig-
nal peptide and the human IgG, Fc domain, to create fusion
proteins with a carboxyl-terminal FLAG epitope tag. In addi-
tion, we used mature full-length mouse Ryk (from residue 34)
with an IL-3 signal peptide at the amino terminus and a FLAG
epitope tag inserted at the carboxyl terminus between residues
585 and 586, producing pcDNA3.mRykFCT.

The human RYK constructs used were as follows: mature
full-length RYK (from residue 47 of GenBank™ accession
number NP_002949.2) with an IL-3 signal peptide at the amino
terminus and a FLAG epitope tag inserted at the carboxyl ter-
minus between residues 598 and 599, producing pcDNA3.
hRYKFCT; or full-length RYK with an IL-3 signal peptide and a
2X Myc epitope tag at the amino terminus, producing
pcDNA3.Myc2.hRYK; a RYK PDZ-binding motif mutant simi-
lar to pcDNA3.Myc2.hRYK, with deletion of the final four RYK
residues, called pcDNA3.Myc2.hRYKAPDZBM; the entire
human RYK ECD (residues 47—227) or the RYK WD alone (res-
idues 60-195), with an IL-3 signal peptide at the amino termi-
nus, subcloned by PCR into pApex-3.Fc.FLAG, or into pcDNA3
with a FLAG tag at the carboxyl terminus.

The human WIF-1 ¢DNA was purchased from OriGene
Technologies. Full-length WIF-1 was subcloned by PCR into
pApex-3.Fc.FLAG; the WIF-1.RYKWD construct was sub-
cloned by PCR into pApex-3.Fc.FLAG and includes human
WIE-1 with the endogenous WD (residues 32-181 of Gen-
Bank™ accession number NP_009122.2) replaced with the
human RYK WD (residues 60 —198). Mouse Wnt3a and Wnt11
c¢DNAs were a kind gift from Dr. Andrew McMahon (Harvard
University). Mature Wntl, Wnt3a, Wnt5a, and Wntll were
subcloned into pcDNA3, with a 5X Myc epitope tag at the car-
boxyl terminus, to create pcDNA3.Wntl/Wnt3a/Wnt5a/
Wntl11l.Myc5. The human VANGL2 cDNA was from Dr. Ran-
dall Moon (purchased from Addgene, plasmid 16992). Full-
length VANGL2 was subcloned by PCR into pcDNA3, with
a 2X HA epitope tag at the amino terminus, to create
pcDNA3.HA2.hVANGL2.
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Production and Purification of RYK.Fc, WIF-1.Fc, and WIF-
1.RYKWD.Fc Proteins—RYK.Fc/CHO, WIF-1.Fc/CHO, and
WIF-1.RYKWD.Fc/CHO stable cell line generation and WIE-
1.Fc and WIF-1.RYKWD.Fc protein production were per-
formed as described previously for RYKWD.Fc (23). RYK.Fc/
CHO cells were seeded into pleated surface roller bottles (BD
Biosciences) using DMEM + 10% FBS + 100 ug/ml hygromy-
cin B. Conditioned medium was collected from roller bottles
after 5 days. Secreted protein was purified using anti-FLAG M2
affinity gel (Sigma) as described previously (25).

Immunoprecipitation and Western Blots—HEK293T cells
were transiently transfected using FuGENE 6 (Invitrogen) and
lysed 24 h post-transfection in lysis buffer (150 mm NaCl, 50
mM Tris, pH 7.5, 1% Triton X-100, 1X Complete (Roche Diag-
nostics), 1 mM sodium orthovanadate). Proteins were immuno-
precipitated with M2 affinity gel (Sigma) for FLAG-tagged pro-
teins, 9E10-conjugated Sepharose for Myc-tagged proteins, and
12CA5-conjugated Sepharose for HA-tagged proteins. Immu-
noprecipitates were washed three times with PBS + 0.1% Tri-
ton X-100 and eluted in sample buffer. Western blotting was
performed as described previously (16). Primary antibodies
used were anti-FLAG M2-HRP (Sigma) and anti-Myc 9E10-
HRP and anti-HA high affinity (Roche Diagnostics).

Luciferase Assays— 40,000 HEK293T cells were seeded into
24-well plates and transfected the next day with 100 ng of
superTOP-FLASH or superFOP-FLASH vectors (a kind gift
from Dr. Randall Moon, University of Washington), 100 ng of
RYK or WIF-1 construct vector, and 1 ng of Renilla luciferase
vector pRL-CMV (Promega), using FUGENE 6. Cells were
treated 24 h post-transfection with serum-free medium con-
taining diluent or purified mouse Wnt3a (R&D Systems), lysed
24 h after treatment, and analyzed using the Dual-Luciferase
reporter assay (Promega). The ratio of firefly to Renilla lucifer-
ase was used for statistical analysis, with a one-way analysis of
variance and Tukey’s multiple comparison post hoc test.

MEFs were transfected using Nucleofector (Lonza) program
A-23.1 X 10° cells were nucleofected using the MEF1 Nucleo-
fector Solution (Lonza) and 1 ug of TOP-FLASH or FOP-
FLASH vectors. 5.5 X 10* cells were seeded into 24-well plates,
serum-starved 24 h post-nucleofection in DMEM + 0.2% BSA,
and then treated 24 h after serum starvation with serum-free
medium containing diluent or 20 ng/ml purified Wnt3a. Cells
were lysed 24 h after treatment, and a luciferase assay was per-
formed using the Luciferase Assay System (Promega).

Zebrafish Morpholino Experiments—Morpholinos (MOs)
were synthesized by Gene Tools, LLC. MO injection of one-cell
embryos was performed using a constant volume of MOs (1.77
nl). The dose of MO injected was optimized for each MO so as
to not produce nonspecific effects. Ryk mRNA was targeted
with two MOs, each injected at 5 ng/embryo. Ryk MO-1 over-
laps the ATG site, 5'-GTGGGCTGGATGTTTCTGCCA-
GCG-3'; Ryk MO-2 is targeted to the 5" UTR, 5'-GATGAG-
GTTCCGTGGCGCTGGTCGA-3'. The Wntll MO is from
Ref. 26 and was injected at 2.5 ng/embryo. VANGL2 mRNA was
transcribed from the human VANGL2 ¢DNA in plasmid
pCS2P™" (Addgene plasmid 16992) using SP6 RNA polymerase
and the MessageAmp RNA amplification kit (Ambion) and was
injected at 200 pg/embryo. Uninjected embryos were used as
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controls. Live embryos were photographed at 54 h post-fertil-
ization (hpf) in benzocaine to determine length and then were
fixed in 4% paraformaldehyde/PBS for later scoring of eye phe-
notype. Embryos were imaged with a Nikon stereo microscope
and a Nikon DMX1200C camera. Embryo length was measured
in the photographs; eye phenotype was scored on a four-point
scale, where 0 = wild-type eye distance and 3 = eyes fused.
Multiple groups were compared using a one-way analysis of
variance with Tukey’s multiple comparison post hoc test.

Mouse Cochlea Analysis—Mouse embryos were collected at
E18.5, and their heads were removed and stored overnight in
4% paraformaldehyde/PBS and then in PBS for at least 24 h.
Cochleae were dissected out and processed as whole mounts,
and stereociliary bundles were labeled with either Alexa 488-
conjugated phalloidin (Invitrogen) or a biotin-conjugated Grif-
fonia simplicifolia lectin (Vector Laboratories). Stereociliary
bundle orientation data were collected from a minimum of
three embryos and 30 cells per hair cell row per embryo, as
described previously (27). Multiple groups were compared
using a one-way analysis of variance with Tukey’s multiple
comparison post hoc test; two groups were compared using
unpaired ¢ tests. Histograms represent the number of hair cells
in 5° intervals (e.g. 11-15° stereociliary bundle orientation).

B-Galactosidase Staining, Immunohistochemistry, and Immuno-
Sfluorescence—Immunohistochemistry was performed on
cochleae as described previously (28). Briefly, fixed E18.5
cochleae were dissected and reacted for B-gal activity with
X-Gal (Sigma) overnight at 37 °C. Cochleae were then sec-
tioned in a cryostat at 12 um and immunostained with anti-
myosin 6 antibody (1:1000; Proteus BioSciences). For Ryk
immunofluorescence, whole mount cochleae from postnatal
day (P) 0 wild-type CD-1 ICR mice were stained with anti-Ryk
antibody (1:250; a kind gift from Dr. Yimin Zou, (19)), followed
by Alexa-conjugated secondary antibody (Invitrogen) and
phalloidin.

Active RhoA Pulldowns—GST-Rhotekin binding domain
(GST-RBD), which binds only to active RhoA (RhoA-GTP), was
prepared by lysing Rosetta2 cells containing pGEX-RBD plas-
mid (a kind gift from Dr. Raymond Habas, Temple University)
with BugBuster Master Mix (Novagen) supplemented with 1X
Complete (EDTA-free; Roche Diagnostics), 10 mm DTT, and
10 mm MgCl,. GST-RBD bacterial lysate was incubated with
glutathione-Sepharose 4 Fast Flow (GE Healthcare) and
washed three times with lysis buffer (see below). CHO-K1 cells
were transfected in 10-cm plates with ¢cDNAs using Lipo-
fectamine 2000 (Invitrogen) and lysed 24 h post-transfection in
1 ml of lysis buffer: 200 mm NaCl, 50 mm Tris, pH 7.2, 1%
Nonidet P-40, 10% glycerol, 1X Complete (EDTA-free), and
1X PhosStop (Roche Diagnostics). CHO-K1 cells transfected
with both RYK siRNA and Wnt3a were transfected first with
RYK siRNA (human RYK siGENOME SMARTYpool, gene ID
6259; Thermo Scientific) using DharmaFECT 1 transfection
reagent and then after 24 h with Wnt3a.Myc5 cDNA using
Lipofectamine 2000, and cells were lysed 24 h after cDNA
transfection.

Pulldowns were performed using cell lysate and GST-RBD-
Sepharose for 30 min, washed three times using lysis buffer, and
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FIGURE 1. Interaction of Ryk with Wnts and Wnt/3-catenin signaling assays. A, Ryk and WIF-1 constructs used in co-immunoprecipitation experiments and
TCF-luciferase reporter assays. B, immunoprecipitation of 400 ug of lysate from HEK293T cells transfected with mouse Ryk.Fc constructs and Wnt5a.Myc5. IP,
immunoprecipitation; /B, immunoblot. C, co-immunoprecipitation of 200 ug of lysate from HEK293T cells transfected with empty vector (V), Wnt1.Myc5,
Wnt3a.Myc5, or Wnt5a.Myc5, and 500 ng of purified RYK.Fc protein. D, TCF-luciferase reporter assays of HEK293T cells transfected with RYK constructs,
superTOP-FLASH and Renilla, and treated with diluent (C) or 25 ng/ml purified Wnt3a for 24 h. Data are normalized to empty vector-transfected cells. The graph
shows the mean = S.D. of two to four independent experiments of triplicate determinations. No statistically significant differences were observed. E, TCF-
luciferase reporter assay of HEK293T cells transfected with superTOP-FLASH and superFOP-FLASH reporters and treated with purified Wnt3a at various
concentrations for 24 h. The graph shows the mean = S.D. of one experiment of triplicate determinations. F, TCF-luciferase reporter assays of MEFs from Ryk /™
orRyk™’~ embryos transfected with TOP-FLASH (containing three TCF sites in promoter) or FOP-FLASH (containing mutated TCF sites in promoter) and treated
with 20 ng/ml purified Wnt3a for 24 h. The graph shows the mean = S.E. of three independent experiments of triplicate determinations. No statistically
significant differences were observed. RLU, relative luciferase units. G, TCF-luciferase reporter assays of HEK293T cells transfected with WIF-1.Fc constructs,
superTOP-FLASH and Renilla, and treated with 25 ng/ml purified Wnt3a for 24 h. Data are normalized to empty vector-transfected cells. The graph shows the
mean = S.D. of two independent experiments of triplicate determinations. *, p < 0.05; ***, p < 0.001. H, co-immunoprecipitation of 200 g of lysate from
HEK293T cells transfected with empty vector (V), Wnt1.Myc5, Wnt3a.Myc5, Wnt5a.Myc5, or Wnt11.Myc5 and 1 ug of purified WIF-1.RYKWD.Fc or WIF-1.Fc

protein.

eluted in sample buffer. Western blotting of the pulldowns and
cell lysates was performed with anti-RhoA mouse monoclonal
antibody 26C4 (Santa Cruz Biotechnology). Band intensity was
quantified using Odyssey software (LI-COR Biosciences), and
the intensity of each active RhoA band (from pulldown) was
normalized to total RhoA band intensity (from cell lysate). Two
groups were compared used an unpaired ¢ test.

RESULTS
Interaction of the Ryk WIF Domain with Wnt5a—To deter-

mine the regions of Ryk required for Wnt binding, several
mouse Ryk extracellular domain (ECD) mutants were con-
structed as fusion proteins with the human IgG; Fc domain, to
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create soluble Ryk-derived proteins (Fig. 1A4). After co-expres-
sion of these FLAG-tagged Ryk ECD proteins with Myc-tagged
mouse Wnt5a in HEK293T cells, lysates were immunoprecipi-
tated and analyzed by Western blotting. Full-length Ryk ECD
(mRykECD.Fc) co-immunoprecipitated with Wnt5a; however,
a Ryk ECD construct with the WIF domain (WD) deleted
(mRykDWD.Fc) did not immunoprecipitate with Wnt5a (Fig.
1B). Furthermore, Ryk constructs containing the WD alone
(mRykWD.Ec) or the WD with either the amino- or carboxyl-
terminal region of the ECD (mRykDC.Fc or mRykDN.Fc,
respectively) interacted strongly with Wnt5a (Fig. 1B).
Re-probing of blots with anti-Myc antibody and anti-FLAG
immunoprecipitation/probing demonstrated equivalent levels
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of Wnt5a and expression of Ryk fusion proteins, respectively, in
all immunoprecipitations. These results demonstrated that
Wnt5a interaction with Ryk is dependent on the Ryk WIF
domain.

Wnt5a.Myc5 from cell lysate may be interacting with co-ex-
pressed Ryk constructs in the cytoplasm. To control for this
possibility, immunoprecipitation experiments were performed
using purified human RYK extracellular domain construct
(RYK.Fc) protein (Fig. 14). Wntl, Wnt3a, and Wnt5a were all
able to co-immunoprecipitate with RYK.Fc (Fig. 1C), suggest-
ing that the interaction of Ryk with Wnts is independent of
co-expression.

Ryk Fails to Modulate Wnt/B-Catenin Signaling in Vitro—
Modulation of Wnt/B-catenin signaling can be studied using in
vitro TCF-luciferase reporter assays, where (3-catenin translo-
cation to the nucleus is quantified by luciferase activity. A pre-
vious study using TCF-luciferase reporter assays demonstrated
that Ryk activates the Wnt/B-catenin pathway in conjunction
with Wnt3a treatment (18). We attempted to confirm and
extend these results using full-length human RYK, RYK.Fc, or
other constructs of RYK ECD (Fig. 1A). Transcriptional
reporter assays performed using HEK293T cells transfected
with superTOP-FLASH (a TCEF-luciferase reporter) showed no
difference in luciferase activity in control-treated cells trans-
fected with RYK constructs compared with empty vector-
transfected cells (Fig. 1D). Increased luciferase activity was
observed after Wnt3a treatment, which was not further
increased in cells transfected with either full-length human
RYK (RYKEFCT), RYK ECD, or RYK WD constructs (Fig. 1D).
Titration of Wnt3a showed no difference in luciferase activ-
ity between cells overexpressing full-length mouse Ryk
(mRykFCT) and empty vector-transfected cells at any of the
Wnt3a concentrations tested (Fig. 1E). In addition, TCF
reporter assays performed using Ryk™'* or Ryk™’~ mouse
embryonic fibroblasts (MEFs) showed no difference in Wnt3a-
stimulated luciferase activity (Fig. 1F). These results suggest
that Ryk overexpression is unable to stimulate Wnt/f3-catenin
signaling in these cells.

Transfection of the Wnt/S-catenin pathway inhibitor WIF-1
(WIF-1.Fc construct) into HEK293T cells completely inhibited
Wnt3a-stimulated luciferase activity (Fig. 1G). To see if the
RYK WD has an inhibitory function similar to the WIF-1 WD,
a WIF-1/RYK WD chimeric construct, WIF-1.RYKWD.Fc, was
made (Fig. 1A) and used in TCF reporter assays. The construct
significantly inhibited Wnt3a stimulation, although this inhibi-
tion was not as strong as that observed with WIF-1.Fc (Fig. 1G).
These results show that Ryk overexpression is unable to stim-
ulate Wnt/B-catenin signaling and is only weakly able to inhibit
Wnt3a-stimulated signaling in HEK293T cells.

To show that WIF-1.RYKWD.Ec is able to interact with
Wnts, purified WIF-1.Fc or WIF-1.RYKWD.Fc protein was co-
immunoprecipitated with lysates from HEK293T cells trans-
fected with Myc-tagged Wnts. Both proteins were able to inter-
act with Wntl, Wnt3a, Wnt5a, and Wntll (Fig. 1H). Thus
WIF-1.RYKWD.Fc interacts with the same Wnts as WIF-1.Fc,
although the endogenous WIF-1 WIF domain is more effective
at inhibiting Wnt/B-catenin signaling than the RYK WIF
domain.
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Zebrafish Convergent Extension Provides Evidence for Ryk
Participation in Wnt/PCP Signaling—We used zebrafish to
explore the role of Ryk in vertebrate development, in an attempt
to identify phenotypes associated with B-catenin-independent
Wnt signaling. During embryonic development, Wnt signaling
drives CE movements to determine embryo length. As well as
extending the axial length, extension of the anterior axis splits
an initial singular eye field to produce two separate eyes (29).
Zebrafish CE is driven by Wntll, with wntll1/silverblick
mutants displaying a shortened axis and severely reduced
interocular distances or cyclopia (5). To determine the effect of
Ryk gene knockdown in zebrafish, two MOs were designed, one
spanning the Ryk start ATG site (Ryk MO-1) and the other
upstream and nonoverlapping in the 5 UTR (Ryk MO-2).
Injection of 5 ng of Ryk MO-1 but not Ryk MO-2 alone at the
one-cell stage resulted in a significant reduction in embryo
length at 54 hpf (Fig. 2, A, B, and D).

AsRykisa Wntreceptor, a synergistic effect may be expected
after co-injection of Ryk MOs with MOs directed to Wnts.
Wntll MO injection in zebrafish embryos has been shown to
affect body length and reduce eye distance (26, 30). Conse-
quently, zebrafish embryos were injected with Wntll MO
alone or in combination with each Ryk MO. Wnt11 MO-in-
jected embryos at 54 hpf had no significant reduction in body
length (Fig. 2D) but displayed a mild eye phenotype (Fig. 2,
E-G). Wntl1l MO in combination with either Ryk MO showed
a further reduction in body length compared with single MO-
injected embryos (Fig. 2, C and D). Injection of Wntll MO +
Ryk MO-1 did not increase the percentage of embryos display-
ing an eye phenotype from that seen with Wnt11 MO alone but
led to a small nonstatistically significant increase in phenotypic
severity. However, Wnt11 MO co-injected with Ryk MO-2 led
to a statistically significant increase in both the percentage and
severity of eye phenotypes from that seen with Wntll MO
alone (p < 0.0001, x* analysis; Fig. 2G), supporting the genetic
interaction observed in body axis length. The data suggest that
Ryk acts synergistically with Wntl11 in zebrafish development
to alter Wnt signaling-dependent CE. Furthermore, these
effects are in processes mediated by Wnt/PCP signaling.

Ryk-deficient Mice Display an Inner Ear Phenotype Charac-
teristic of Disrupted PCP Signaling—QOur previous experiments
suggested that Rykis involved in Wnt/PCP signaling. We there-
fore examined Ryk-deficient mice for evidence of phenotypes
generated by disruption of this pathway. One well character-
ized mouse defect associated with PCP pathway signaling is the
disrupted orientation of the stereociliary bundles of cochlear
hair cells. In wild-type mice, stereociliary bundles of all hair
cells are oriented toward the lateral edge of the cochlear duct
(Fig. 3A), whereas mice with mutations in the PCP genes Celsr1,
Vangl2, and Scrib1 have stereociliary bundles that are severely
misoriented, with some bundles rotated almost 180° (8, 31). To
determine whether Ryk~’~ mice had disrupted stereociliary
bundle orientation, cochleae from E18.5 mice (on a 129T2/Sv
genetic background) were examined. Ryk~’~ mice had misori-
ented bundles in the third row of outer hair cells (OHC) (Fig.
3B). These differences were statistically significant (p = 0.005;
Fig. 3C). Histograms of stereociliary bundle orientation further
illustrate the disrupted orientation of the third row of OHCs in
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FIGURE 2. Effects of Ryk and Wnt11 knockdown in zebrafish embryos at
54 hpf. A, lateral view of an uninjected control embryo. B, example of an
embryo injected with Ryk MO-1, which had reduced body length. C, example
of an embryo injected with Wnt11 MO + Ryk MO-1, showing significantly
reduced body length. D, quantitation of body length in embryos injected with
Ryk MO-1, Ryk MO-2,and Wnt11 MO. (n), number of embryos analyzed in each
treatment; SD, standard deviation of body length; C, control embryos. E, fron-
tal view of a control embryo, showing normal eye spacing. F, frontal view of an
embryo injected with Wnt11 MO, showing eyes touching. G, quantitation of
eye phenotype in zebrafish embryos injected with Ryk MOs and/or Wnt11
MO. Eye phenotype was defined as follows: 0 = wild-type; 7 = eyes close
together orjust touching; 2 = eyes partly fused; 3 = eyes fused. (n), number of
embryos analyzed in each treatment. ANOVA, analysis of variance.

Rykf/ ~ mice (OHC3; Fig. 3D). In contrast, Ryk“ ~ mice had
normal bundle orientation compared with wild-type litter-
mates in all hair cells (see Fig. 6). This phenotype in Ryk-defi-
cient embryos suggests that Ryk plays a role in regulating PCP
pathway signaling in the mouse cochlea.

Ryk Expression in Mouse Cochlea—To determine whether
Ryk is expressed in the mouse cochlea during development,
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E18.5 embryo and PO mouse heads were examined. Ryk /'~
E18.5 embryo heads were stained to detect (3-gal, which is
expressed from the interrupted Ryk allele and so can be used as
a proxy for Ryk mRNA expression (15). Strong Ryk mRNA
expression was observed in pillar cells, located between the
inner hair cells (IHCs) and OHCs, and in all three rows of
OHGCs, and it was confirmed by co-expression of Ryk mRNA
with myosin 6, a marker of sensory hair cells (Fig. 44). Immu-
nofluorescence staining of PO cochlea showed Ryk protein
expression in pillar cells and all OHC rows, but not in IHCs (Fig.
4B). Therefore, Ryk mRNA and protein are expressed in mouse
cochlea during development.

Interaction between Ryk and the Wnt/PCP Pathway in Mouse
Development—To investigate whether Ryk interacts with
Vangl2, a core member of the PCP signaling pathway, we ana-
lyzed the phenotype of embryos derived from Ryk"’~ and
Vangl2*?'* mice. Ryk™'~ mice and Vangl2"?'* mice have none
of the major developmental phenotypes that are associated
with the Ryk ™/~ and Vangl2"P’"P mouse embryos. Analysis of
22 double-heterozygous mouse embryos (Ryk™’~;Vangl2"?'™")
showed that 9% had severe defects in neural tube development
(Fig. 5A). No littermates of other genotypes showed these
defects; all embryos had a genetic background of one part
129T2/Sv to one part Le]. The embryos displayed defective
neural tube development resulting in the brain and spinal cord
remaining open, called craniorachischisis. This pathology is
characteristic of the neural tube defects seen in Looptail mice,
VamngLP 'LP (6, 7). In addition, 13% of Rykf/ ~ mouse embryos
(2 out of 15) displayed exencephaly, a less severe defect where
the neural tube remains open only at the head (Fig. 5B). This
phenotype is background-dependent, as it was observed in mice
with a 129T2/Sv genetic background but not in C57BL/6 X
129T2/Sv mixed background mice.

Analysis of the cochleae of E18.5 mice showed that Ryk™’~
single heterozygotes had no defects in stereociliary bundle ori-
entation, whereas Vangl2"?’* single heterozygotes showed a
mild rotation of stereociliary bundles in the third row of OHCs
(Fig. 6A), as observed previously (9). However, double heterozy-
gotes had significantly more severely misoriented third row
OHC bundles compared with single heterozygote littermates
(Fig. 6, A and B), as was also clear in stereociliary bundle orien-
tation histograms (Fig. 6C). These studies demonstrate that Ryk
interacts with the PCP pathway to control developmental pro-
cesses in the nervous system and cochlea.

RYK Interacts with and Activates Wnt/PCP Pathway
Proteins—To determine whether the RYK and VANGL?2 pro-
teins are able to interact, HA-tagged human VANGL2 and
Myc-tagged full-length human RYK constructs (Fig. 14) were
used. The extreme carboxyl terminus of RYK contains a PDZ-
binding motif that is involved in protein-protein interactions
(15). Therefore, we made a human RYK construct with the final
four carboxyl-terminal residues deleted (Myc2.RYKAPDZBM).
Transfection of HEK293T cells with full-length RYK or
VANGL2 followed by immunoprecipitation showed that RYK
was able to co-immunoprecipitate with VANGL2 and vice
versa (Fig. 7A). Deletion of the RYK PDZ-binding motif greatly
reduced the ability of RYK to interact with VANGL?2 (Fig. 7A).
These results suggest that RYK protein forms a complex with
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FIGURE 3. Ryk-deficient mice demonstrate a role for Ryk in the PCP pathway. A, schematic representations of stereociliary bundle orientation in cochlear
hair cells of wild-type mice and showing the 0° base line of cell rotation, rotation to the left of center (negative degrees), and rotation to the right of center
(positive degrees). Abbreviations used are as follows: IHC, inner hair cell; OHC, outer hair cell; PC, pillar cell. B, orientation of stereociliary bundles in E18.5 Ryk™*/*
and Ryk~’~ mouse embryos, as observed at the mid-point of the sensory epithelia by staining with phalloidin (to detect actin). Arrows show the orientation of
the third row outer hair cells (OHC3). Many cells in Ryk—’~ embryos have a misoriented bundle orientation. Scale bar, 20 um. C, analysis of the orientation of hair
cell stereociliary bundles. Results represent the mean = S.E. for three embryos. **, p < 0.01. D, distribution histograms of stereociliary bundle orientation in
E18.5 wild-type and Ryk-deficient cochleae. Bundle orientations are confined to a 45° segment centered on a line parallel to the medial-lateral axis in wild-type
embryos. However, the distribution of OHC3 orientation is broader in the Ryk ™~ mice. Stereociliary bundle orientation data were collected from three embryos

of each genotype.

VANGL?2 and that the RYK PDZ-binding motif is required at
least in part for this interaction.

RYK may interact with VANGL?2 in other PCP pathway sig-
naling phenotypes, such as in zebrafish CE. To determine
whether VANGL2 overexpression is able to rescue the Ryk
MO-dependent reduction of embryo body length, zebrafish
embryos were injected with Ryk MO-1 alone, human VANGL?2
RNA alone, or Ryk MO-1 + VANGL2 RNA, and body length
was quantified. Embryos injected with VANGL2 RNA alone
showed a significant reduction in body length (Fig. 7B). Injec-
tion with Ryk MO-1 + VANGL2 RNA resulted in a significantly
increased body length compared with embryos injected with
RYK MO-1 alone (Fig. 7B), demonstrating that VANGL?2 over-
expression was partly able to rescue the RYK MO effects on
zebrafish convergent extension.

Signaling downstream of PCP pathway activation is medi-
ated by the small GTPases RhoA and Racl (1, 32). To determine
whether RYK can activate RhoA, active RhoA (RhoA-GTP)
pulldown assays were performed using GST-RBD in CHO-K1
cells. Cells transfected with full-length RYK had significantly
higher active RhoA levels than empty vector-transfected cells
(Fig.7, Cand D), which shows that RYK can activate RhoA. RYK
activation of RhoA may be dependent on Wnt signaling.
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CHO-K1 cells transfected with Wnt3a showed activation of
RhoA (~2-fold), which was inhibited in cells co-transfected
with RYK siRNA (Fig. 7E), suggesting that Ryk is required for
Wnt3a-induced RhoA activation in these cells. Overall, these
results demonstrate that RYK protein interacts with PCP path-
way proteins and activates Wnt/PCP downstream signaling.

DISCUSSION

Ryk is a member of the growth factor receptor family and
plays a key role in a number of developmental processes in
mammals, including craniofacial and skeletal development,
axon guidance, axon extension, and neuronal differentiation
(15-17). It has been identified as a receptor for the Wnt family
of ligands, and previous studies have suggested a role for Ryk in
both Wnt/B-catenin and B-catenin-independent Wnt signal-
ing. Here, we show that Ryk acts to regulate classical Wnt/PCP
pathway functions in mammals, as demonstrated in mouse
inner ear development.

In this study, we analyzed the effect of Ryk function on the
Wnt/B-catenin signaling pathway by using TCEF-luciferase
reporter assays. Previously, others have demonstrated that Ryk
can activate Wnt/B-catenin signaling. TCF-luciferase reporter
assays showed that Ryk was able to synergistically stimulate

VOLUME 287 +NUMBER 35-AUGUST 24,2012



FIGURE 4. Ryk is expressed in the mouse cochlea. A, cross-section of an
E18.5 Ryk-deficient (Ryk->“-><%) cochlea showing B-gal staining (blue). Ryk
mRNA was distributed throughout the cochlear duct, with strong expression
in the OHCs and pillar cells (PC). In the bottom panel, the location of the hair
cells is indicated with myosin 6 (red). A single IHC row (arrowhead) and three
OHCrows (arrows 1-3) can be identified in the organ of Corti. Scale bar, 50 um.
B, surface view of a PO wild-type mouse cochlear whole mount, showing Ryk
protein expression in outer hair cells (OHC1-3) and pillar cells (PC) using an
anti-Ryk antibody (top panel). The bottom panel shows co-staining with phal-
loidin (to detect actin). Scale bar, 20 pm.

luciferase activity when in the presence of Wnt3a (18). This
study contradicts these data, as both full-length Ryk and soluble
Ryk ECD constructs were unable to stimulate Wnt/B-catenin
signaling. In contrast, a chimeric construct of WIF-1 containing
the Ryk WIF domain was able to partially inhibit Wnt3a-stim-
ulated signaling, although the inhibition was not as strong as
observed for WIE-1 containing its endogenous WIF domain.
These contradictory results may be partly due to differences
in the luciferase constructs used. The highly sensitive super-
TOP-FLASH was used in this study, which, due to the presence
of eight TCF sites in the promoter region (as opposed to three
TCE sites in the TOP-FLASH vector that was used previously
(18)), allows a greater range of Wnt3a activation to be observed.
Our results are supported by a study that showed no further
stimulation of TCF-luciferase reporter activity in HEK293T
cells expressing full-length Ryk after Wnt3 treatment (33).
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C57BL/6 x 129/SV C57BL/6 x 129T2/Sv

FIGURE 5. Ryk-deficient mouse embryos display neural tube defects in
specific genetic backgrounds. A, lateral and dorsal views of a wild-type and
a Ryk X Vangl2 double-heterozygous (Ryk™~;Vangl2'"'*) E18.5 embryo from
the same litter. The neural tube is open along its whole length in the double
heterozygote. Embryo heads were removed in dorsal view images. B, Ryk*/*/
Ryk™~ and Ryk~’~ E18.5 embryo heads from mice on a 129T2/Sv or a mixed
C57BL/6 X 129T2/Sv genetic background; embryos sharing a genetic back-
ground were from the same litter. The 129T2/Sv knock-out has an open neu-
ral tube at the head only (exencephaly); this phenotype was observed in 13%
of Ryk™’~ embryos on this genetic background. No exencephaly was
observed in Ryk~’~ embryos on a mixed background.

Another possible explanation of the results is that HEK293T
cells may have high endogenous levels of RYK protein, such that
RYK overexpression would not further stimulate B-catenin
activity. Support for this interpretation comes from a recent
study showing that Ryk siRNAs could inhibit Wnt3a-stimu-
lated B-catenin-activated reporter activity and Wnt/S-catenin
target gene expression (34).

In the zebrafish embryo studies, Ryk MOs caused a reduction
in body length and acted synergistically with a Wnt11 MO to
further reduce body length and interocular distance. Pheno-
types such as body length and interocular distance are deter-
mined by molecular pathways that control CE, including the
Wnt/PCP pathway. Recently, it was shown that Wnt5b inter-
acts with Ryk in zebrafish CE movements, potentially via the
Wnt/calcium signaling pathway (24). Work by Kim et al. (14) in
X. laevis has shown that Ryk MOs cause CE defects and that
these can be rescued by RhoA overexpression. Moreover, they
determined that Ryk MOs could rescue Wnt11 overexpression.
Our zebrafish studies therefore agree with the previously pub-
lished data demonstrating a role for Ryk in CE and its genetic
interaction with Wnt11.

Misoriented stereociliary bundles in mouse mechanosensory
hair cells strongly point to a PCP defect in Ryk '~ mice. We
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FIGURE 6. Crosses of Ryk-deficient mice with Vangl2 mutant mice reveal that Ryk interacts with core PCP proteins in the cochlea. A, cochleae from E18.5
embryos with genotypes Ryk*’~, Vangl2-*'*, and double heterozygotes Ryk*’~;Vangl2-*’* were stained with G. simplicifolia lectin and examined at the
mid-point of the sensory epithelia. Arrows show the orientation of some misoriented hair cells (OHC3). Scale bar, 10 um. B, analysis of the orientation of hair cell
stereociliary bundles. Results represent the mean = S.E. for three embryos. *, p < 0.05; **, p < 0.01. C, comparison of distribution histograms for stereociliary
bundle orientation in E18.5 mouse cochleae. Bundle orientations in Ryk ™/~ and Vangl2'"* cochleae are confined to a 60° segment centered on a line parallel
to the medial-lateral axis. However, in the Ryk*/~;Vangl2'”’* double-heterozygous cochleae the distribution of OHC3 orientation is markedly broader.
Stereociliary bundle orientation data were collected from three embryos of each genotype.

observed Ryk mRNA and protein expression in outer hair cells  heterozygotes (10, 37). This suggests that the Wnt/PCP path-
of late embryonic and neonatal mouse cochlea, confirming that way is involved in rostral neural tube closure and that the
the phenotype observed in Ryk /~ mice was due to a lack of Ryk ’~ mouse exencephaly phenotype may also be due to
Ryk expression. This misorientation phenotype has been defects in PCP signaling.
linked to mutations in genes including CelsrI, the ortholog Definitive proof of the genetic interaction between Ryk and
of the Drosophila melanogaster gene flamingo; Vangl2, the PCP signaling comes from the phenotypes observed in the
ortholog of strabismus/van gogh; and Scribl, the scribble Ryk"™'~;Vangl2"?’* double-heterozygous mice. Looptail is a
ortholog, which are all known to be PCP pathway genesin D. naturally occurring mutation in the mouse Vangl2 gene, which
melanogaster (1, 8, 31). Other Wnt pathway protein mutants encodes for a four transmembrane domain protein. Vangl2
that have stereociliary bundle orientation defects include cooperates with the Wnt receptors Fzd or Ror2 to activate sig-
Dvl1, DvI2 double knock-outs, and Fzd3, Fzd6 double knock-  naling via Dvl (38, 39) and the downstream RhoA/ROCK and
outs (35, 36). Racl pathways (40, 41). The observations that mice with dele-
Although exencephaly can be caused by perturbation of tion of one Ryk allele combined with one Vang/2"® allele have
several processes, including disrupted sonic hedgehog signaling  severe neural tube defects and misoriented mechanosensory
or ciliary gene mutations, it has also been observed in Wnt/ hair cellsin the cochlea provide strong evidence of a role for Ryk
PCP pathway mutants such as DvI3"/~;Vangl2"*?’" double in the mammalian PCP pathway.
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transfected with empty vector (V) or RYKFCT. Western blot was performed with pulldowns or 10 ul of lysate using anti-RhoA antibody. D, quantitation of
CHO-K1 cell lysate active RhoA pulldowns. Results represent the mean = S.D. of three independent experiments. **, p < 0.01. E, active RhoA pulldowns using
1 ml of cell lysate from CHO-K1 cells mock transfected (no siRNA) or transfected with RYK siRNA and then transfected with empty vector (V) or Wnt3a.Myc5
(Wnt3a). Western blot was performed with pulldowns or 10 ul of lysate using anti-RhoA antibody. /B, immunoblot.
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The co-immunoprecipitation of RYK and VANGL?2 proteins
in this study further supports a role for Ryk in PCP signaling. It
is likely that the RYK PDZ-binding motif, located at the
extreme carboxyl terminus of the protein, is required for inter-
action with VANGL2. In addition, the finding that VANGL2
overexpression in zebrafish embryos was able to partly rescue
the Ryk MO-1 effects on body length strengthens the role of the
in vivo interaction between RYK and VANGL2. The finding
that there was only partial rescue of the Ryk MO phenotype
suggests that Ryk regulation of CE may be mediated via other
signaling proteins. However, it is also possible that human
VANGL2 mRNA was not as effective at rescuing Ryk MO
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effects as the zebrafish Vangl2 mRNA would have been, as was
observed previously for Vangll mRNA (42).

It was previously shown that treatment of CHO-K1 cells with
Wnt3a results in RhoA activation (43). Our findings that RYK
overexpression increases active RhoA levels in CHO-K1 cells
and that Wnt3a-stimulated RhoA activation requires endoge-
nous Ryk expression provide a downstream pathway by which
RYK may activate Wnt/PCP signaling (Fig. 8).

Other phenotypes associated with the Ryk-deficient mice,
such as skeletal and craniofacial defects, may also have their
origins in disruption of Wnt signaling via the Ryk receptor. The
complexity of these phenotypes means that it may take some
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time to unravel their link to the Wnt/B-catenin or 3-catenin-
independent pathways. It was recently shown that RYK protein
can pull down both Wnt/B-catenin and PCP pathway proteins
in HEK293T cells, including B-catenin itself, as well as CELSR1,
CELSR2, and CELSR3 (34). Alternatively, there may be other
ligands for Ryk that provide distinct or Wnt-independent signal
transduction responsible for these phenotypes. Ryk has been
shown to interact biochemically with the receptor tyrosine
kinases EphB2 and EphB3 and the cell scaffold protein AF-6
(afadin) (15, 44). These proteins may be components of the
Ryk-Vangl2 protein complex and therefore may be important
for Ryk function in Wnt/PCP signaling.

Taken together, the results of this study strongly support a
role for Ryk in PCP signaling via Vangl2. The specific Wnts
required for Ryk signaling are still unknown, although the syn-
ergistic in vivo effects in zebrafish experiments suggest that
Wntll may interact with Ryk in this signaling pathway. Future
studies will further characterize Ryk-interacting proteins, thus
contributing to our knowledge of the PCP pathway in verte-
brate development.
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