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Dual regulation of planar polarization by secreted Wnts
and Vangl2 in the developing mouse cochlea
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ABSTRACT

Planar cell polarity (PCP) proteins localize asymmetrically to instruct
cell polarity within the tissue plane, with defects leading to deformities
of the limbs, neural tube and inner ear. Wnt proteins are evolutionarily
conserved polarity cues, yet Wnt mutants display variable PCP
defects; thus, how Wnts regulate PCP remains unresolved. Here, we
have used the developing cochlea as a model system to show that
secreted Wnts regulate PCP through polarizing a specific subset of
PCP proteins. Conditional deletion of Wntless or porcupine, both of
which are essential for secretion of Wnts, caused misrotated sensory
cells and shortened cochlea — both hallmarks of PCP defects.
Whtless-deficient cochleae lacked the polarized PCP components
dishevelled 1/2 and frizzled 3/6, while other PCP proteins (Vangl1/2,
Celsr1 and dishevelled 3) remained localized. We identified seven
Whnt paralogues, including the major PCP regulator Wnt5a, which
was, surprisingly, dispensable for planar polarization in the cochlea.
Finally, Vangl2 haploinsufficiency markedly accentuated sensory cell
polarization defects in Whtless-deficient cochlea. Together, our study
indicates that secreted Wnts and Vangl2 coordinate to ensure proper
tissue polarization during development.

KEY WORDS: Hair cell, Cell polarity, Wnt, Non-canonical, Frizzled,
Dishevelled

INTRODUCTION

Planar cell polarity (PCP) signaling directs cell orientation within a
tissue plane, a process fundamentally important to tissue assembly
in multicellular organisms (Vladar et al., 2009). PCP signaling is
mediated by six ‘core’ components, the asymmetric localization of
which in the cell is a conserved molecular hallmark of planar
polarization in invertebrate and vertebrate epithelia (Simons and
Mlodzik, 2008; Wang and Nathans, 2007). At first, evenly
distributed within cells, PCP components become asymmetrically
localized as planar polarization is established, assembling into
mutually exclusive complexes in opposite poles (Adler, 2012;
Goodrich and Strutt, 2011; Singh and Mlodzik, 2012). Among these
components, frizzled (Fz/Fzd3 and Fz/Fzd6), dishevelled (Dsh/
Dvll, Dsh/Dvl12 and Dsh/Dvl13) and diego (Dgo/Ankrd6) form
complexes accumulating on one pole, while Van Gogh (Vang/
Vangll and Vang/Vangl2) and Prickle (Pk/Pk1 and Pk/Pk2) enrich
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on the other. Flamingo (Fmi/Celsr1, Fmi/Celsr2 and Fmi/Celsr3) is
present on both poles of the cell. Defective PCP signaling
represented by a lack of polarized PCP components leads to
congenital heart and tracheal abnormalities, skeletal dysplasia,
neural tube defects as well as cochlear deformities (Butler and
Wallingford, 2017; White et al., 2018). Despite their crucial roles,
our understanding of upstream signals orchestrating PCP signaling
is rather limited.

Whnt proteins have been implicated as upstream polarity cues for
PCP signaling. For example, limb morphogenesis in mice requires a
gradient of Wnt5a, which has been reported to act as an instructive
cue to establish PCP (Gao et al., 2018, 2011). On the other hand,
Wntll can directly instruct alignment of muscle fibers in chick
embryos (Gros et al., 2009), implying a contextual dependence on
the Wnt member involved (van Amerongen and Nusse, 2009).
However, in the wing epithelium of Drosophila, protocadherins (Fat
and Dachsous) have been proposed as a long-range cue directing
PCP core proteins (Ma et al., 2003), raising the possibility of Wnt-
independent PCP mechanisms.

In Drosophila, misexpression of Wnt4 or Wg, both Wnt proteins,
can reorient cell polarity, implying a role for them in establishing a
PCP orientation axis (Wu et al., 2013). Intriguingly, loss-of-
function of both Wg and Wnt4 has been reported to produce
polarization defects, whereas deficiency of other Wnt members led
to relatively mild PCP defects, supporting the notion of redundancy
by multiple Wnts (Wu et al., 2013). In a similar vein, WntS5a and
WntSb are both required for the polarization of node cells and
localization of the PCP core protein Prickle2 (Minegishi et al.,
2017). Moreover, the combination of WntS5b and Wntl1 guides
planar polarization of zebrafish cardiomyocytes (Merks et al.,
2018). Convergent extension (CE), a PCP-mediated phenomenon
whereby tissues elongate axially by simultaneously narrowing and
extending, is co-regulated by Wnt5 and Wntl1l during zebrafish
gastrulation (Kilian et al., 2003).

As a classic model system to study planar polarization, the
cochlea harbors intricately organized hair cells (HCs) crucial for
hearing. HCs interdigitated by non-sensory supporting cells form an
epithelial checkerboard longitudinally spanning three turns of the
spirally shaped organ (Groves and Fekete, 2012). HCs are radially
patterned as three outer rows and one inner row, all decorated with
V-shaped stereocilia bundles pointing laterally towards their
respective kinocilia (Basch et al., 2016). A body of literature
indicates that PCP core proteins tightly control the synchronized and
uniform orientation of HCs (Curtin et al., 2003; Etheridge et al.,
2008; Jones et al., 2014; Montcouquiol et al., 2006; Torban et al.,
2008; Wang et al., 2006a,b). On the other hand, although Wnt5a is
required for limb development (Gao et al., 2018, 2011), only one-
third of Wnt5a mutant mice display CE anomalies and mildly
misrotated HCs in the cochlea (Qian et al., 2007), implying Wnt
redundancy and/or Wnt-independent mechanisms. In agreement
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with this notion, Wnt5a mutant cochleae displayed relatively
normal Vangl2 localization (Qian et al., 2007). Thus, the
relationship between Wnts and PCP signaling remains unresolved.

Here, to circumvent Wnt redundancy and uncover the role(s) of
secreted Wnts in PCP, we genetically ablated porcupine (Porcn) or
Wnhtless (Wis), which are both essential for Wnt secretion, in the
embryonic cochlea. In Wnt-producing cells, the generation of active
Wnt proteins first requires lipidation by the O-acyltransferase
enzyme Porcn (Nile and Hannoush, 2016; van den Heuvel et al.,
1993). Lipidated Wnts are transported intracellularly by the
chaperone protein Wls (Bénziger et al., 2006; Bartscherer et al.,
2006), prior to secretion into the extracellular space (Herr et al.,
2012). Genetic ablation of Wis and Porcn has been validated as an
approach to uncover the function of secreted Wnts during
development in various contexts (Barrott et al., 2011; Biechele
et al.,, 2013; Carpenter et al., 2010, 2015; Jiang et al., 2013;
Snowball et al., 2015). In both Wis and Porcn-deficient mice, we
found defects in cochlear extension and HC polarization. Cochleae
deficient in secreted Wnts maintained the asymmetric localization
of the PCP core components Vangl1/2, Celsrl and DvI3, but lost
that of Fz3/6 and Dv11/2, suggesting differential sensitivities to the
loss of secreted Wnts. We identified seven candidate Wnt ligands
for mediating PCP in the embryonic cochlea, and found that Wnt5a,
previously shown to mediate PCP signaling, was dispensable for
cochlear extension, and polarization of hair cells and PCP proteins.
Finally, we uncovered that Vangl2 haploinsufficiency significantly
accentuated hair cell polarization defects in Wnt-deficient cochlea,
indicating a genetic interaction. Overall, our study delineates a dual
regulation of planar polarization by secreted Wnts and Vangl2 in the
embryonic cochlea.

RESULTS

Wis and Porcn are expressed in the embryonic mouse
cochlea

In the developing mouse inner ear, the cochlear duct first appears as
a ventral protuberance around embryonic day (E) 12.5, and then
lengthens over the subsequent week as sensory hair cells (HCs) are
specified and planar polarized (Fig. 1A) (Wang et al., 2005). We
first performed quantitative PCR (qPCR) to measure expression of
Wis and Porcn, which are both required for Wnt secretion (van den
Heuvel et al., 1993). Relative to E14.5, Wis expression displayed a
slight decrease, while Porcn was significantly downregulated as the
cochlea matured between E14.5-18.5 (Fig. 1B). Next, we performed
in situ hybridization and immunostaining, and found that Wis was
expressed within the embryonic cochlear duct (Fig. 1C-E.H,
Fig. S1A-D). At stages prior to HC specification (E12.5 and
E14.5), WIs mRNA and protein were detected in the roof and floor
of the cochlear duct, including the Sox2" prosensory domain where
HCs are later specified (Fig. 1C-D). At E16.5 and E18.5, when
planar polarity of HCs is established, WIis expression remained
detectable in the cochlear duct but notably less intense in
developing HCs (Fig. 1E,H and Fig. S1A-D). Similarly, Porcn
mRNA was detected in the cochlear duct at E14.5 and E16.5
(Fig. 1F-G and Fig. S1G). Overall, these observations indicate that
Wis and Porcn are both expressed in the embryonic cochlear duct
before and during HC specification and polarization.

Wis is required for cochlear extension but dispensable for
hair cell specification

The expression of Wis and Porcn suggests the presence of an active
Whnt secretory pathway in the embryonic cochlear duct. To assess
the role of Wis in cochlear development, we generated Emx2<¢";

Wis™" (Wls cKO) to conditionally ablate WIs in the cochlear duct.
Emx2-Cre driver has been previously used to study PCP in the
cochlea and its Cre activity is specifically detected in the cochlear
duct (Fig. S2A) (Ghimire and Deans, 2019; Kimura et al., 2005;
Ono et al., 2014); this approach allowed us to circumvent embryonic
lethality resulting from WiIs germline deletion (Carpenter et al.,
2010). Indeed, Wis cKO embryos were viable until birth, although
they displayed gross limb and craniofacial morphological
abnormalities (Fig. S2B-E). Using WIs antibody staining and
in situ probes against Wis, we determined that Wls protein and
mRNA were effectively ablated from the cochlear duct in E13.5 and
E18.5 Wis cKO animals (Fig. 11,K,L, Fig. S3A-F). As expected, Wis
expression remained outside the cochlear duct in Wis cKO animals
(Fig. 1LK, Fig. S3B,E,F) and throughout the cochlea in control
animals (Emx2¢"; Wis*/, Fig. 1H,], Fig. S3A,C,D). These
experiments confirm the specificity and efficiency of the Emx2-Cre
mouse line to delete Wis from the cochlear duct before HC
specification and the establishment of HC planar polarization.

Next, to begin to characterize the cochlea from WIs cKO animals,
we measured the cochlear length. At E18.5, Wis cKO cochleae
appeared wide and were significantly shorter in comparison
with controls (2313.54374.6 and 4683.0+279.0 um, respectively,
P<0.001) (Fig. 1K,M), suggesting that Wis-mediated Wnt secretion
is required for cochlear extension.

To confirm a role for Wnt secretion, we also examined the Porcn-
deficient cochleac. We first examined the Emx2<*; Porcn™
animals and no cochlear shortening or planar polarization defects
were detected (not shown). Because previous studies indicated that
Porcn is a highly stable protein (Kadowaki et al., 1996; Rios-Esteves
et al., 2014), we decided to use Pax2-Cre to ensure an early ablation
of Porcn. We examined Pax2-Cre; Porc'™ (Porcn cKO) mouse line,
in which Porcn mRNA deletion was confirmed within the cochlear
duct (Fig. S4A-F). We also performed qPCR and confirmed a
significant decrease in Porcn mRNA in these mutant animals
(Fig. S4M). Pax2-Cre; Wis™" mice failed to develop any cochlear
structures (data not shown) and were therefore not examined further.
Like the Wis cKO cochlea, Porcn cKO cochleae appeared wider and
were also significantly shorter than controls (Pax2-Cre; Porcn’”,
Fig. S4N) (Liu et al., 2012; Ohyama and Groves, 2004).

To determine whether HCs were specified, we stained and detected
Atohl- and Myosin7a-expressing HCs in WIs cKO and Porcn cKO
cochleae (Fig. 2A-D, Figs S4K,L. and S5A-D), confirming that HC
specification was preserved in cochlear duct deficient in secreted
Whnts. However, unlike control cochlea, where HCs were arranged as
four rows, both Wis and Porcn ¢KO cochleaec were widened and
displayed supernumerary rows of hair cells, a phenotype consistent
with convergent extension defects (Fig. S6A,B,E-H) (Chacon-
Heszele et al., 2012; May-Simera and Kelley, 2012; Montcouquiol
etal.,2003; Wang et al., 2006a, 2005). We did not rule out a decrease
in cell proliferation in the Wis cKO and Porcn cKO cochleae, which
could have also contributed to the shorter cochlear phenotype, as
proliferation of sensory progenitors is shown to depend on Wnt
signaling in vitro (Jacques et al., 2012). Overall, these data indicate
that Wnt secretion is required for cochlear extension but is
dispensable for HC specification.

Wis deletion perturbs hair cell orientation

Perturbed PCP signaling is manifested as a shortened and widened
cochlea harboring supernumerary rows of misoriented hair cells
(May-Simera and Kelley, 2012). To further characterize PCP
defects in Wis cKO and Porcn cKO animals, we analyzed stereocilia
bundle orientation in HCs, which is a readout for the integrity of the
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Fig. 1. Genetic ablation of Wntless in the
embryonic cochlear duct. (A) Different
stages of cochlear development. After
E12.5, the cochlea develops as a ventral
outpouching and subsequently lengthens
to form the cochlear duct. Dashed line
marks basal turns shown as sections in
C-E. (B) gPCR shows persistent
expression of Wntless (WIs) in the
embryonic cochlea. In contrast, porcupine
(Porcn) expression decreased after E14.5.
n=3 for each age group. (C-G) RNAscope
in situ hybridization demonstrating Wis and
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Porcn mRNA expression inside the
cochlear duct, where WIs protein is also
detected. Dashed line marks the cochlear
duct. (E,E’) At E16.5, Wis expression was
high in Sox2* supporting cells and low/
absent in hair cells. (F,G) Porcn mRNA
expression was detected inside the

cochlear duct at E14.5 and E16.5.

(H,I) WIs mRNA expression in cochlear
duct of E18.5 Emx2°/*; Wis*'" (control)
mice and a drastic reduction in Emx2°r¢/*;
WIs™ (Wis cKO). (H',I’) Higher-
magnification views of the organ of Corti.
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PCP pathway (May-Simera, 2016). We examined the basal and
middle turns of E18.5 cochleae, where HCs typically show a clear
planar polarization by this age. In control cochlea, a uniform
orientation of stereocilia bundles was observed along the
mediolateral axis for both outer (OHCs) and inner hair cells
(IHCs) (Fig. 2E,F, Fig. S6A). In the Wis cKO cochleae, we noted
supernumerary rows of HCs with aberrantly oriented stereocilia
bundles, with defects most severe among IHCs and the outermost
rows of OHCs in both the basal and middle turns (Fig. 2G,
Fig. S6B). When each row of HCs was individually measured, the
orientation of stereocilia bundles of IHCs and OHCs had
significantly greater deviation in Wis cKO than those in the
control cochleae, indicating a PCP defect (n=232 Wis cKO IHCs
and 616 OHCs, and 171 control IHCs and 575 OHCs, P<0.01-
0.001, Fig. 2H and Fig. S6C,D). Since the Wis CKO cochleae were
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significantly shorter than control cochleae, we also compared the
base of Wis cKO cochleae with the middle turn of control cochlea.
Consistent with the above results, we found significantly greater
deviation in stereocilia bundle orientation in Wis cKO compared
with control cochleae (n=232 Wis cKO IHCs and 616 OHCs, and
166 control THCs and 511 OHCs, P<0.05). In parallel, we also
detected defects in HC polarization in Porcn cKO cochlea
(Fig. S6E-H). Together, these data indicate that Wnt secretion
from the cochlear duct is required for proper HC polarization in the
developing cochlea. In addition, the HC polarization defects
observed in Wis and Porcn cKO are similar but milder compared
with those in mutants lacking PCP core components (Curtin et al.,
2003; Etheridge et al., 2008; Jones et al., 2014; Montcouquiol et al.,
2006; Torban et al., 2008; Wang et al., 2006a,b). It is likely that
redundant mechanisms regulate planar polarization of HCs in the
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Fig. 2. Wis is dispensable for hair cell specification but is required for planar cell polarity. (A,B) Cochlear sections showing Afoh7 mRNA expression in both
control (Emx2°®*; Wis*'™) and Wis cKO (Emx2°"*; Wis ™) hair cells. Brackets indicate the organ of Corti. (C) Control cochlea displaying three rows of outer hair
cells (OHCs) and one row of inner hair cells (IHCs). (D) In contrast, Wis cKO cochlea shows extranumerary and disorganized rows of HCs. Myosin7a and
Atoh1 expression was seen in both control and Wis cKO HCs. (E) Schematic of the organ of Corti depicting stereocilia bundle orientation at zero degrees with
respect to the mediolateral axis of the cochlea (green line). The line perpendicular to this axis is in purple. (F,G) Whole-mount cochlea stained for F-actin and
Arl13b (kinocilia). Stereocilia bundles of OHCs (F’) and IHCs (F”) in control cochlea were consistently oriented along the mediolateral axis (arrows). Wis cKO
cochlea displayed aberrant stereocilia bundle orientation of OHCs (G’) and IHCs (G”) (arrows). Both extranumerary OHCs (dashed box) and IHCs (G”)

were noted in Wis cKO cochlea. White arrows indicate the orientation of stereocilia bundles. (H) Rose diagrams showing measurements of the angular orientation
of OHCs and IHCs from control and Wis cKO cochleae (basal turn shown). Individual HCs were grouped and plotted into bins 15 degrees wide. The length of each
petal represents the number of HCs therein, with the number of the longest petal (also the radius of the outer circle) indicated. The radius of the inner circle is
half of the outer circle. Individual rows of HCs from W/s cKO cochleae displayed significantly more variation in stereocilia bundle orientations than those from
control. The OHC3+ group included the third and other more-lateral rows of OHCs. Zero degrees represents the mediolateral axis. n, number of hair cells
measured, collected from six control and Wis cKO cochleae. Circular mean and s.d. are indicated with blue and red lines, respectively. Permutation test of equality
of variances used (see Materials and Methods section for more details). **P<0.01, ***P<0.001.

cochlear duct. For example, it is possible that Wnts originating from
the periotic mesenchyme outside the cochlear duct also play arole in
governing hair cell polarity.

Mislocalization of PCP components in the absence of Wis

To determine the mechanisms underlying defects of cochlear
extension and HC polarity in Wnt-deficient cochleae, we next
assessed whether components of PCP signaling were perturbed.

One striking feature of planar polarization in the cochlea is the
asymmetric localization of PCP core proteins in the organ of Corti,
with DvI2 and DvI3 at the lateral pole and Fz3 and Fz6 at the medial
pole of HCs. On the other hand, Vangl1 is detected in the lateral side
of neighboring supporting cells, whereas Celsrl is enriched at the
junction between the medial side of HC and lateral side of
neighboring supporting cells (Fig. 3A) (Duncan et al., 2017; Rida
and Chen, 2009). In E18.5 control tissues, Fz6 and Dvl2 were
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Fig. 3. Wis is required for polarization of planar cell polarity core components. (A) Cartoon depicting asymmetric localization of PCP core proteins in the organ
of Corti. Dishevelled (Dvl) 2 and DvI3 reside on the lateral pole of hair cells (HCs) and frizzled (Fz) 3 and Fz6 on the medial pole. Vangl1 is present at the lateral
pole of supporting cells and Celsr1 is enriched at the junction between the medial side of HC and lateral side of neighboring SCs. (B-C”) In control cochlea
(Emx2°r’*; Wis*), Fz6 (B) and DvI2 (B’) were asymmetrically localized in the medial and lateral aspects of HCs, respectively. ZO-1 marks tight junctions between
HCs and supporting cells. In Wis cKO cochlea, no apparent asymmetric localization of Fz6 (C) and DvI2 (C’) was detected. (D-E”) Localized expression of

Fz3 was detected in control cochlea, but not in the Wis cKO cochlea. (F-G”) In control cochleae, Dvl1 was localized to the medial poles of HCs (arrowheads). This
asymmetric localization was not detected in Wis cKO HCs. (H-1") Co-immunostaining of DvI3 and ZO1 showing lateral localization of DvI3 in HCs in control

and Wis cKO cochleae. (J-K’) In control and Wis cKO cochleae, Vang1 expression was localized at the lateral pole of supporting cells. Peanut agglutinin (PNA) marks
hair cell stereocilia bundles. (L-M’) Localized expression of Celsr1 expression was seen in both control and Wis cKO cochleae. For all images, the basal turn is
shown. Cochleae from three control and Wis cKO animals were analyzed. Scale bars in C and C” can be applied to all panels.

clearly polarized to the medial and lateral poles of HCs, respectively ~ We next examined Fz3 and Dvll, which have been shown to serve
(Fig. 3B, Fig. S7B), consistent with previous reports (Wang et al., redundant functions with Fz6 and Dv12, respectively, in establishing
2006a,b). By contrast, expression of Fz6 and DvI2 was uniformly ~ PCP in the cochlea (Etheridge et al., 2008; Wang et al., 2006b). In
non-polarized in HCs of Wis cKO cochleae (Fig. 3C, Fig. S7C).  control cochlea, Dvll and Fz3 were seen polarized to the medial
Similarly, asymmetric localization of both Fz6 and DvI2 was pole of HCs and at the junction with adjacent supporting cells
sharply diminished in HCs in Porcn cKO cochleae (Fig. S8A,B).  (Fig. 3D,F, Fig. S7D,F). Compared with control, Dvll and Fz3 were
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non-localized in Wis cKO HCs (Fig. 3E,G, Fig. STE,G). These data
suggest that secreted Wnts influence proper asymmetric localization
of DvI1/2 and Fz3/6 proteins in HCs.

We next examined the localization of Dv13, Vangll and Celsrl
proteins. Interestingly, DvI3 protein remained polarized to the
lateral pole of hair cells in both control and Wis cKO cochleae
(Fig. 3H,1, Fig. S7TH,I). Moreover, both Vang1 and Celsrl remained
asymmetrically localized in Wis ¢cKO cochleae akin to control
tissues (Fig. 3J-M, Fig. S7J-M), although subtle changes in their
localization or level of expression cannot be ruled out. In summary,
these results indicate that asymmetric localization of a specific
subset of core PCP proteins is dependent on secreted Wnts in the
cochlear duct.

Abnormal kinocilia positioning in Wis cKO cochlea

In the cochlea, mutations in PCP pathway components can cause
stereocilia bundle orientation defects that are coupled with
kinocilium and basal body positioning defects (Montcouquiol
et al., 2003). We next sought to examine the relationship between
these HC organelles in Wils cKO cochleac. We first assessed
kinocilia integrity by immunostaining for its components and its
associated basal body (Fig. 4A). In control and Wis cKO HCs, we
detected colocalization of Arll3b and acetylated tubulin (both
kinocilium), as well as RpgriplL (transitional zone). Similarly, the
basal body marker pericentrin was also present in both control and
Wis ¢cKO HCs (Fig. 4B,C,L-Q). In addition, we found a normal
expression pattern of Arl13b and pericentrin in Porcn cKO cochleae
(Fig. S6G,H).

Next, we analyzed the position of basal bodies and kinocilia. In
control tissues, these organelles were found at the lateral pole
adjacent to the vertex of stereocilia bundles (Fig. 4B). The position
of the kinocilium was further confirmed by scanning electronic
microscopy (SEM) (Fig. 4D,F,G). In Wis cKO cochlea, the kinocilia
and corresponding basal bodies in both IHCs and OHCs were
frequently off-centered and positioned away from the vertex of
stereocilia bundles (Fig. 4C-E), both defects confirmed in OHCs
and IHCs under SEM (Fig. 4E,H-K). We next stained control and
Wis cKO tissues to further assay kinocilium positioning using
Arl13b and RpgriplL antibodies (Fig. 4L,Q). These markers
similarly showed that kinocilium position was localized to the
lateral pole in control HCs, and also confirmed abnormal
positioning of kinocilia in Wis ¢cKO HCs (Fig. 4N-Q, Fig. S9B,D).
Using pericentrin and Arl13b labeling, we also observed kinocilium
positioning defects in Porcn ¢cKO HCs (Fig. S6G,H). These
experiments indicate that kinocilium and basal positioning are
abnormal in HCs of Wis cKO and Porcn cKO cochleae.

To further characterize the kinocilium-positioning defects in Wlis
cKO, we plotted the position of kinocilium (based on RpgriplL
expression) from individual HCs (=92 Wis ¢KO IHCs and 306
OHCs, and 82 control THCs and 261 OHCs). Qualitatively,
kinocilium position in Wils cKO HCs was more variable than in
controls (Fig. 4R, Fig. S9E,F). However, similar to controls, we
found a highly positive correlation between the angles of kinocilium
and stereocilia bundles in Wis cKO cochleae (base, r=0.76; middle,
r=0.83; both P<0.001, Fig. 4S, Fig. S9G,H), suggesting that
organization of the two processes remained coupled similar to
mutants of the PCP pathway (Montcouquiol et al., 2003).

Aberrant kinocilium positioning has also been observed in
cochlea with defective intrinsic cell polarity, although these defects
are coupled with malformed stereocilia bundles (Tarchini et al.,
2013), which was not apparent in either Wis cKO or Porcn cKO
cochleac. We assayed the integrity of this pathway by

immunostaining for the intrinsic cell polarity markers LGN and
Goi3, which are expressed in the lateral apical surface of HCs, and
Pard6, which is found on the medial apical surface (Fig. S10A)
(Ezan et al., 2013; Tarchini et al., 2013). LGN, Gai3 and Pard6 were
all asymmetrically localized in both control and Wis ¢cKO HCs
(Fig. S10B-G), suggesting that asymmetric localization of these
intrinsic cell polarity proteins is not dependent on Wis. However,
our results do not rule out subtle defects in intrinsic cell polarity, as
suggested by the findings of off-centered kinocilia. Overall, these
data indicate intact, but mislocalized, kinocilia, in HCs of a cochlear
duct deficient in secreted Wnts, with defects in positioning highly
correlated with stereocilia bundle orientation defects.

Expression of Wnt ligand candidates in the embryonic
cochlear duct

Thus far, our observations indicate that ablation of the Wnt secretory
pathway in the cochlear epithelium perturbs PCP in the developing
cochlea. We next sought to identify the Wnt ligands expressed in the
cochlear duct. To this end, we first performed qPCR on whole
cochleae and found 12 Wnt genes (Wnt2, Wnt2b, Wnt3, Wnt4,
Wnt5a, Wnt5b, Wnt6, Wnt7a, Wnt7b, Wnt9a, Wntll and Wntl6)
consistently expressed between E14.5 and E18.5 (Fig. 5A,
Fig. S11A). Next, via in situ hybridization, seven Wnts (Wnt2b,
Wntd, Wnt5a, Wnt7a, Wnt7b, Wnt9a and Wntl1) were specifically
detected in the cochlear duct at E14.5 and E16.5 (Fig. 5B-H,
Fig. S11B-H). We observed robust expression of Wnt4, WntSa,
Wnt7a and Wnt7b in E14.5 and E16.5 cochlear duct (Fig. 5C-F,
Fig. S11C-F). Expression of Wnt2b, Wnt9a and Wntll was also
detected in the cochlear duct, albeit at low levels (Fig. 5B,G.H,
Fig. S11B,G,H). These results indicate that multiple Wnts are
expressed in the embryonic cochlea, and seven of them are
specifically expressed in the cochlear duct.

As Wnt5a is highly expressed in the cochlear duct and has been
implicated in PCP in multiple contexts, including the embryonic
cochlea (Wang et al., 2005), we asked whether Wnt5a mediates the
PCP defects in Wnt-deficient cochlea. To test this hypothesis, we
used a validated Wnt5a floxed allele (Ryu et al., 2013) to generate
Emx2°7*; Wnt5d"" mice (Wnt5a cKO) and examined its effects on
HC orientation at E18.5. Despite loss of Wnt5a mRNA signals in the
cochlear duct (Fig. 5J,K), we unexpectedly detected no cochlear
extension defects in WntSa cKO animals (Fig. SI2A-C). As in
controls, HCs displayed polarized expression of Fz6 and Vangl2
(Fig. SL-O) and showed no defects in stereocilia bundle orientation
(Fig. 5P,Q, Fig. S12D,E). Together, these results demonstrate
candidate Wnt ligands that regulate PCP in the cochlea. Ablation of
Wnt5a in the cochlear duct does not cause morphological or
molecular PCP defects in the embryonic cochlea, suggesting that
PCP is not dependent on Wnt5a alone or that other Wnts
compensate for the Wnt5a loss.

Wis genetically interact with Vangl2 to orient hair cells in the
embryonic cochlea
We next examined Wis cKO for asymmetric localization of Vangl2,
which is required for HC orientation (Montcouquiol et al., 2006). In
both control and Wis cKO cochleae, the polarized expression of
Vangl2 was observed in the lateral side of supporting cells
(Fig. 6A-C, Fig. S13A-C), suggesting that conditional ablation of
Wis from the cochlear duct is not sufficient to affect the asymmetric
localization of Vangl2. Alternatively, it is possible that Vangl2
localization does not depend on secreted Wnts in the cochlear duct.
Because ablation of Wis led to a loss of asymmetry of Fz3, Fz6,
Dvll and DvI2 in and mild PCP defects of HCs, we asked whether
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Fig. 4. Kinocilia positioning defects in Wis cKO cochlea. (A) A hair cell (HC), stereocilia bundles (green), kinocilium (yellow) and associated basal body.
(B) HCs labeled for pericentrin, acetylated tubulin and F-actin. Whole-mount preparation of the basal turn of control cochlea showing localization of basal
body and kinocilia to the lateral aspect of the HCs and immediately adjacent to the vertex of stereocilia bundle. (B’-B”) Higher-magnification images
of outer and inner HCs. Dashed circles highlight HC boundaries and arrowheads indicate basal body positions. (C) In Wis cKO cochlea, a subset of OHCs
and IHCs displayed mislocalized basal body and kinocilium (arrowheads), in addition to stereocilia bundle orientation defects. (C’-C”) Higher-magnification
images of outer and inner HCs. Dashed circles highlight HC boundaries and arrowheads indicate basal body positions. (D,E) SEM images of the
basal turn of E18.5 cochlea. In control HCs (D), the kinocilia are uniformly arranged in the lateral pole and in close proximity to the vertex of the tallest row of
stereocilia bundles. By contrast, WIs cKO HCs (E) displayed mispositioned kinocilium and misoriented bundles. (F-K) High-magnification images of control
(F,G; from red boxed areas in D) and Wis (H-K; from green boxed areas in E) cKO HCs with false-colored kinocilia (red). In Wis cKO HCs (H-K),
kinocilia appeared off-centered and removed from the vertex of stereocilia bundles. (L-Q) High-magnification images of control (L,M) and Wis cKO
(N-Q) HCs labeled for Arl13b, Rpgrip1L and F-actin. In control HCs (L,M), Arl13b and Rpgrip1L were localized near the stereocilia bundle vertex. In the Wis
cKO cochlea (N-Q), Arl13b and Rpgrip1L appeared off-centered in misoriented OHCs and IHCs. Outer and inner dashed circles highlight the HC boundaries
and kinocilia positions, respectively. (R) Scatter plots of kinocilia positions (based on Rpgrip1L expression) in control and Wis cKO cochlea. In
HCs from control cochlea, kinocilia positions were tightly clustered at the lateral pole. Kinocilia positions appeared more scattered in Wis cKO HCs than in
control cells, most notably among IHCs and the third row of OHCs. In the scatter plots, concentric circles indicate relative distance from the center of the
apical surface of HCs. (S) Significant correlation between the angular position of kinocilium and the angle of stereocilia bundle orientation in both
the control (Pearsong;qcuiar correlation test, r=0.84, n=343, P<0.001) and Wis cKO cochleae (Pearson;.cuiar correlation test, r=0.83, n=398, P<0.001). n=HC
number analyzed from three control and Wis cKO cochleae.
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Fig. 5. Candidate Wnt ligands mediating
planar cell polarity in the embryonic
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cochlea. (A) Detection of Wnt ligand
expression in the cochlea by gPCR. Wnt2b,
Whnt4, Wnt5a, Wnt7a, Wnt7b, Wnt9a and
Whnt11 mRNA in the cochlea from E14.5 to
E18.5. Wnt4 and Wnt7b expression were
significantly lower at E16.5 and E18.5 than
at E14.5. Wnt9a also decreased from E14.5
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to E16.5. n=3 cochleae per age. (B-I)
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cochleae showing Wnt2b, Wnt4 and Wnt11
expression in the cochlear roof. In addition,
Whnt5a, Wnt7b and Wnt9a expression was
detected throughout the cochlear duct,
whereas Whnt7a expression was seen in the
cochlear floor. Insets are high-magnification
images. In situ hybridization of each gene

was performed on three independent wild-
type cochleae. (J,K) Wntba expression was

Control

Whnt5a cKO

seen throughout the duct in control cochlea
(J; Emx2C7"*; Wnt5a*"). In contrast,
cochlear duct of Wht5a cKO embryos (K;
Emx2°€r®*; Wnt5a™") showed a sharp
decrease in Wnt5a mRNA signals. Insets
are high-magpnification images. The organ of
Corti is marked by brackets. (L-O’)
Immunostaining shows Fz6 and Vang|2
enrichment in ZO1-marked tight junctions in
control and Whntba cKO tissues. Stereocilia
bundles are labeled with PNA. (P,Q) Rose
plots showing the distribution of stereocilia
bundle orientation in inner hair cells (IHCs)
and outer hair cells (OHCs) in control and
Wht5a cKO cochleae. The length of each
petal represents the number of HCs therein,
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perturbing PCP molecules that remained asymmetrically localized
in the Wlis cKO cochleae would increase the severity of PCP defects.
We used the mutant Vangl2 model called Looptail (Vangl2™),
which is essential to planar polarization (Andre et al., 2012;
Escobedo et al., 2013; Macheda et al., 2012; Saburi et al., 2012;
Yamamoto et al., 2008). First, we analyzed WIs cKO animals in a
VangI2™? heterozygous background (Wis cKO; Vangl2?") using
Emx2°7*: Wis*: Vangl2"?"* as controls. In the basal turn of
control cochleae, OHCs and IHCs showed no defects in planar
polarization or kinocilium positioning (Fig. 6D,F, Fig. S13D,F),
consistent with previous reports on Vangl2”" mice (Belotti et al.,
2012). Relative to those in controls, stereocilia bundle orientation of
each row of OHCs and IHCs in the Wis cKO; Vangl2"?’" cochlea
was significantly more variable (n=55 control IHCs and 332 OHCs,
and 106 Wis cKO; Vangl2?”* THCs and 402 OHCs, Fig. 6D-G,

n=82

radius of the outer circle) stated. When
‘ comparing individual rows of HCs, no

significant differences in angle distribution
\\’ were found between control and Wntba
cochleae (permutation test of equality of
variances: IHC, P=0.10; OHC1, P=0.90;
OHC2, P=0.50; OHC3, P=0.7). Zero
degrees designates the mediolateral axis.
Circular mean and circular s.d. are indicated
with blue and red lines, respectively. n=HC
number analyzed from three control and
Whntb5a cKO cochleae.

Fig. S13D-G). Similarly, kinocilium positioning of each row of
OHCs and IHCs in the Wis cKO; Vangl2"* cochlea was highly
variable relative to those in controls, particularly in the OHC3+
group (Fig. 6F,G, Fig. S13F,G).

When comparing HCs between the Wis ¢cKO and Wis cKO;
Vangl2'?"* cochlea, the OHC3+ group from the latter showed
significantly more variation in stereocilia bundle orientation
(permutation test of equality of variances, P<0.001). In addition,
the mean angle of stereocilia bundle orientation in the OHC3+
group was also significantly different between Wis cKO and Wis
cKO; VangI2"""* cochleae (permutation test of equality of means,
P<0.001). As the HC planar polarization defects in Wis cKO;
Vangl2"?"* cochlea were worse than that in Emx2<"¢"; Wis™/;
Vangl2"?"* and Wis cKO cochleae, we postulate that Vangl2 and
secreted Wnts co-regulate the polarization of HCs.

DEVELOPMENT


https://dev.biologists.org/lookup/doi/10.1242/dev.191981.supplemental
https://dev.biologists.org/lookup/doi/10.1242/dev.191981.supplemental
https://dev.biologists.org/lookup/doi/10.1242/dev.191981.supplemental

RESEARCH ARTICLE

Development (2020) 147, dev191981. doi:10.1242/dev.191981

Fig. 6. Vangl2 genetically interacts with Wis to

regulate planar polarization. (A) Asymmetric
localization of Vangl2 at the lateral side of
supporting cells. (B-C”) Cochleae stained for
Vangl2 (arrowheads), tight junction protein ZO-1
and stereocilia bundles (PNA). Asymmetric
localization of Vangl2 was detected in both control
and Wis cKO cochlea. B’,B”,C’,C" show high-
magpnification images. Cell boundaries were
outlined with dashed lines. (D,E) Whole-mount

preparation of the basal turn stained for pericentrin
and F-actin marking basal bodies and stereocilia
bundles, respectively, in E18.5 control (D;
Emx2°"*; WIs*'"; Vangl2-P'*) and Wis cKO;
Vangl2-P"* (E; Emx2€"*; WIs™"; Vangl2tF'*)
cochleae. In control tissues, normal bundle
orientation and basal body positioning were
observed. By contrast, Wis cKO; Vangl2-P'*
tissues displayed misorientation of hair cell
bundles and basal body positioning defects. In

addition, Wis cKO; Vangl2-P'* cochlea exhibited
extranumerary IHCs and OHCs, with the outermost
row of OHCs displaying the most severe defects.
Arrows indicate stereocilia bundle orientations.
(D’,E’) The orientation of stereocilia bundles from
individual hair cells in D,E, respectively. (F) Rose
and scatter plots showing stereocilia bundle
orientation and basal body (pericentrin)
positioning, respectively. In control cochlea,
bundles in each row of HCs were oriented along
the mediolateral axis and kinocilia were tightly
clustered at the lateral pole for IHCs and OHCs.
(G) In Wis cKO; Vangl2-?"* cochlea, bundle

orientations were significantly more variable and
basal body positioning appeared more scattered
than controls. These defects were most severe
among the most lateral rows of OHCs. The mean
angle of stereocilia bundle orientation between
control and Wis cKO; Vangl2-°* OHC3+ were
significantly different (permutation test of equality
of means, P<0.001). The OHC3+ group included
cells from OHC3 and OHCs located more laterally.
In the rose plots, the blue and red lines indicate the
circular mean and circular s.d., respectively. The
length of each petal represents the number of hair
cells therein, with the number of the longest petal
(also the radius of the outer circle) stated. n=HC
number analyzed from three control and Wis cKO;
Vangl2-P'* cochleae. Zero degrees designate the
mediolateral axis. Within rose diagrams, the radius
of inner circle is half of that of the outer circle. In the
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Because the Vangl2 allele has been reported to have a
dominant-negative effect (Yin et al., 2012), we also conditionally
deleted one copy of Vangl2 allele from the cochlear duct by
generating the Emx2"": WIs™": Vangl2"* (Wls cKO; Vangl2V™")
animals using Emx2°¢*; WIS"*; Vangl2”" as controls
(Fig. S14A-D). Similar to Wis cKO; Vangl2"”"* cochlea, Wis
cKO; Vangl2"* cochleae were widened with supernumerary THCs
and OHCs, both of which display severe defects in stereocilia
bundle orientation and kinocilia positioning relative to littermate
controls (Fig. S14A-D). Together, these experiments indicate that a
decrease in Vangl2 gene dose in a Wis cKO background is sufficient
to accentuate HC orientation defects in the cochlea, further

scatter plots, concentric circles indicate relative
distance from the center of the apical surface of
HCs. Permutation test of equality of variances.
***P<0.001.

supporting the notion that secreted Wnts and Vangl2 coordinate
to regulate HC polarization.

DISCUSSION

The critical role of PCP core proteins in regulating planar
polarization in various organs is well conserved across multiple
organisms. However, our understanding of the signals upstream of
the PCP pathway and how they regulate PCP core proteins is rather
limited. Although previous studies suggest that Wnt proteins can
serve as polarity cues for PCP signaling (Chu and Sokol, 2016; Gros
et al., 2009; Minegishi et al., 2017; Qian et al., 2007; Wu et al.,
2013), phenotypes of PCP defects among Wnt mutants vary widely,
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possibly because of functional redundancy among Wnt ligands.
Here, we have used two independent transgenic mouse models to
prevent Wnt secretion in the cochlear duct, and found that Wnt
secretion is required for planar polarization of sensory HCs. Similar
results were independently reported recently (Landin Malt et al.,
2020). Although the severity of PCP defects was mild, using
asymmetric localization of PCP proteins as a molecular read out, we
revealed specific PCP proteins that lost asymmetry in HCs in the
Wis cKO cochlea. Among the PCP core proteins that remained
asymmetrically localized in the Wis cKO cochlea, we perturbed
Vangl2 using two mouse strains and found that the combination of
Wis ablation and haploinsufficiency of Vang2 accentuated HC
orientation defects relative to either deficiency alone. Based on
these findings, we propose a dual-lock model where secreted Wnts
and Vangl2 cooperate to ensure proper HC polarization in the
embryonic cochlea (Fig. 7).

Disruption of Wnt secretion and Wnt/g-catenin signaling in
the embryonic cochlea

Wnt signaling is classically divided into the Wnt/B-catenin (or
canonical) and PCP (or non-canonical) pathways (van Amerongen
and Nusse, 2009). Here, we have characterized the effects of
disrupting Wnt secretion in the PCP pathway context, yet
manipulation of Wis and Porcn can also affect the Wnt/B-catenin
pathway. Depending on the spatiotemporal patterns of its deletion,
B-catenin, the main mediator of the Wnt/B-catenin pathway, serves
different functions, including HC specification, HC differentiation,
radial patterning of the cochlea, proliferation of prosensory cells, and
also differentiation and proliferation of the periotic mesenchymal
cells (Atkinson et al., 2018; Bohnenpoll et al., 2014; Groves and
Fekete, 2012; Jansson et al., 2019; Munnamalai and Fekete, 2020;

Stereciliary bundle orientation defects

Wits and No Wnts secreted
Vangl2 present Vangl2 present
DvI2/3 )

Lateral _r" *
DVI/2 \
-Fz3/6

Celsr1 =3
Medial eisrt sc

Vangl1/2

| |

Shi et al., 2014). The current study shows that ablation of Wis or
Poren, did not cause overt HC specification defects, suggesting that
some levels of the Wnt/B-catenin pathway remained present in these
mutants. Moreover, whether radial patterning defects leading to
subtle anomalous HC and supporting cell differentiation occur in the
Wis and Porcn cKO cochleae is unknown. Assessing how Wnt
secretion regulates activity of the Wnt/B-catenin pathway, radially
patterning and HC and supporting cell differentiation, and how the
Whnt/B-catenin and Wnt/PCP pathways relate to each other in the
cochlear duct should be of interest in future studies.

Finally, we have attributed shortening of the WIs and Porcn cKO
cochleae to convergent extension defects. However, it is also
possible that shortening cochlea is in part caused by decreases in
prosensory cell proliferation, which is dependent on Wnt signaling
(Jacques et al., 2012). To test these possibilities, further studies are
needed to study the mitotic state of prosensory cells and the analysis
of HC and SC markers along the mediolateral axis in Wis and Porcn
cKO cochleae.

In both the Wis and Porcn cKO models, ablation was spatially
restricted to the cochlear duct (and spiral ganglia neurons for
Porcn). Mice with earlier deletion of Wis (Pax2-Cre; Wis™")
failed to develop any cochlear structures, thereby preventing the
analysis of hair cell specification. Considering that numerous Wnt
members have been detected in the periotic mesenchyme, it is
possible that more severe PCP phenotypes and HC specification
defects could be observed by a broader and earlier deletion of
Porcn and Wis. As we did not measure the levels of Wnt target
genes, the Wis and Porcn cKO cochleae likely represent models
with partial loss of Wnt signaling. Future experiments to more
broadly ablate these two genes from the periotic mesenchyme
should be considered.

Fig. 7. Secreted Wnts and Vangl2
coordinate to regulate hair cell
orientation. Proposed ‘dual lock’
model where secreted Wnts regulate
the localization of DvI1/2 and Fz3/6,
which are important for cochlear
extension and hair cell planar
polarization in the developing cochlea.
The absence of secreted Wnts
\ ‘loosens’ the tightly regulated cell
| polarity, leading to relatively mild PCP
defects. The combination of Wis
deficiency in the cochlear duct and
haploinsufficiency of Vangl2
accentuates the PCP defects.

No Wnts secreted
Vangl2 haploinsufficiency

-DvI1/2
-Fz3/6
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Wnt-dependent polarization of PCP proteins

PCP core proteins form complexes at cell junctions to regulate cell
polarity. Their differential dependence on Wnt ligands first implicates
Wnats as external cues directing PCP signaling, and also hints at the
possible presence of other cues for Wnt-independent PCP signaling.
For example, during mouse limb morphogenesis, FGF signaling is
required for limb patterning in the proximal-distal axis while Wnt5a
concurrently acts as a permissive signal (Gao et al., 2018). Moreover,
protocadherins (Fat and Dachsous) may also direct polarization of
PCP core proteins in Drosophila wing epithelium and PCP-mediated
neuronal migration in mice (Ma et al., 2003; Zakaria et al., 2014).
Their exact roles in PCP remain unresolved and the approach of
ablating the Wnt secretory pathway may help reveal their potential
interplay with the Wnt-dependent PCP pathway.

Dishevelled proteins are important PCP components that function
redundantly to regulate cochlear extension and stereocilia bundle
orientation in the developing cochlea (Etheridge et al., 2008; Wang
et al., 2006a). Our results indicate that localization of Dvll and
Dv12, but not Dv13, is dependent on Wnt secretion. Similar to Wis
and Porcn cKO cochleae, DviI/Dvi2 double knockout (DKO)
displayed frequent misalignment of HC stereocilia bundles
(Etheridge et al., 2008; Wang et al., 2006a). On the other hand,
Dvli3 deficiency alone also cause mild PCP defects in the cochlea,
suggesting divergent effects of Dvl members on planar polarization
in addition to differing sensitivities to Wnt secretion. Although
DvI2 deficiency alone does not cause defects in HC planar
polarization, it genetically interacts with Vangl2 as cochlea from
DvI2™~; Vangl2*"’* mice displays PCP defects (Wang et al.,
2006a). This interaction supports the notion of a dual regulation by
secreted Wnts and Vangl2.

Similarly, the transmembrane proteins Fz3 and Fz6 serve
redundant function in the PCP pathway in the cochlea, with Fz3/6
DKO, but not individual Fz3 or Fz6 KO animals, showing
stereocilia bundle orientation defects (Wang et al., 2006b). While
stereocilia bundle defects are typically more severe in OHCs among
PCP mutants (Torban et al., 2008; Yin et al., 2012), IHCs in Fz3/6
DKO animals displayed severe defects, whereas OHCs exhibited
only modest defects in orientation and some disorganization (Wang
et al.,, 2006b). These phenotypes more closely resemble those
observed in Wis and Porcn cKO cochleae, where IHCs exhibited
more prominent defects in stereocilia bundle orientation than OHCs.
One possible explanation for this difference in severity is that
mislocalized Fz3 and Fz6 still carried out partial function in the
cochlea, or that mislocalized Fz proteins are more readily
compensated for by other Fz members in the developing cochlea
(Geng et al., 2016). In addition, given the fact that membrane
localization of PCP core proteins is inter-dependent, e.g. Fz with
Vangl2, the above arguments may also explain why some of the
PCP core components remained polarized in the cochlea of Wis
cKO animals.

Celsrl, Vangll and Vangl2 proteins have long been implicated in
PCP in the developing mouse cochlear and vestibular systems
(Curtin et al., 2003; Montcouquiol et al., 2003; Torban et al., 2008).
During limb development, asymmetric localization of Vangl2 is lost
in Wnt5a~~ mice (Gao et al., 2011). Moreover, polarized
localization of Vangll, Pk2 and Celsrl is impaired in node cells
of Wnt5a;, Wnt5b DKOs embryos (Minegishi et al., 2017). On the
other hand, in Xenopus, Wntl 1b is required for Vangl2 polarization
in the neural plate (Chu and Sokol, 2016). Although our study
shows that the polarized localization of Celsrl, Vangll and Vangl2
are preserved in Wnt-deficient cochlea, we cannot rule out the
possibility that post-translational modification of these proteins

occurs or that there is a subtle change in protein levels undetectable
by our experimental approach. For example, a Wnt5a gradient can
control PCP by inducing distinct levels of Vangl2 phosphorylation
in the developing mouse limbs (Gao et al.,, 2011). Moreover,
considering Vangl2*”""? mutants displayed mislocalization of DvI2,
Fz3 and Fz6 (Montcouquiol et al., 2006; Wang et al., 2006a,b), we
do not rule out an interplay between Wnt-dependent PCP
components and Vangl2.

Candidate Wnts regulating PCP signaling

Previous studies have demonstrated that Porcn and Wis are both
indispensable for secretion of all Wnts across species, including
mammals (Coudreuse and Korswagen, 2007; Nile and Hannoush,
2016; van den Heuvel et al., 1993). By ablating WIs and Porcn in the
cochlear duct and characterizing expression of Wnt ligands therein,
we have identified seven (Wnt2b, Wnt4, Wnt5a, Wnt7a, Wnt7b,
Wnt9a and Wntl1) candidate Wnt genes that may individually or
jointly direct PCP in this organ.

Our study shows that deletion of Wnt5a alone in the cochlear duct
does not lead to PCP defects, which is in disagreement with results
observed in Wnt5a~'~ embryos (Qian et al., 2007). It is important to
point out that Wnt5a is also highly expressed outside the cochlear
duct, and the role of extraductal sources of secreted Wnts was not
directly examined. Alternatively, it is possible that germline
deletion of Wnt5a leads to different phenotypes from Wnt5a cKOs.

Whnt ligands typically exert cellular effects over relatively short
distances, Wnts expressed in the cochlear roof (Wnt2b, Wnt4 and
Wntll) are presumably less likely to be governing HC planar
polarization. Previous studies on Wnt7a and Wnt9a mutants reported
no PCP defects in the cochleae (Dabdoub et al., 2003; Munnamalai
etal., 2017). Interestingly, addition of Wnt7a protein or secreted Wnt
antagonists to cultured cochlear explants caused defects in stereocilia
bundle orientation in more laterally located OHCs (Dabdoub et al.,
2003), suggesting that secreted Wnts may function to refine the
orientation of OHCs. This is consistent with the concept that a
Vangl2-independent mechanism governs stereociliary bundle
refinement (Copley et al., 2013). Of note, we have detected both
Whnt7a and Wnt7b in the cochlear floor (Fig. 5). It would be therefore
informative to ablate these two genes, which may serve redundant
functions in governing planar polarization (Cho et al., 2017).

When assessing planar polarization, severe defects such as those
in mutants of PCP proteins are readily observed (Adler, 2012;
Goodrich and Strutt, 2011; Singh and Mlodzik, 2012), whereas
mutants of individual Wnts have been reported as normal or
showing mild PCP defects (Wu et al., 2013). Numerous studies have
successfully employed the use of the Vangl2’? mutants to
accentuate a normal or mild PCP phenotype (Andre et al., 2012;
Escobedo et al., 2013; Macheda et al., 2012; Saburi et al., 2012;
Yamamoto et al., 2008). Here, we have shown that the loss of
localized expression of Dv11/2 and Fz3/6 may represent a molecular
blueprint that aids the detection of mild PCP defects as a result of
Wnt deficiency, an approach recently employed to explore
mechanisms of Wnt-mediated HC polarization. Importantly, our
results imply that regulation of PCP is more complex than
previously appreciated. Such a redundancy in regulation ensures
precise patterning of the cochlea, and should guide the investigation
of how other complex organs are assembled.

MATERIALS AND METHODS

Mice

The following mouse strains were used: WIs"/* (stock 012888)
(Carpenter et al., 2010), Vangl2*/x (stock 025174) (Copley et al.,
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2013), VangI2”* (stock 000220) (Strong and Hollander, 1949),
Wnt5a">/1o* (stock 026626) (Ryu et al., 2013) and Rosa26'@Tmato’*
(stock 007909) (Madisen et al., 2010) (all obtained from the Jackson
Laboratory), Emx2¢" (generated by S. Aizawa, RIKEN Center for
Developmental Biology, Japan) (Kimura et al., 2005), Porcn//ox
(provided by I. B. Van den Veyver, Baylor University, TX, USA) (Liu
etal., 2012) and Pax2¢¢* (provided by A. Groves, Baylor University, TX,
USA) (Ohyama and Groves, 2004). The Animal Care and Use Committee of
Stanford University School of Medicine approved all protocols.

Genotyping

DNA templates were generated by incubating mouse tail-tip biopsies in
50 mM NaOH at 98°C for 1 h followed by the addition of 30 ul of 1 M Tris-
HCI (pH 8.0). We used either GoTaq or KAPA Taq PCR master mixes to
amplify DNA fragments. The primers used were: Wis-flox (fwd, 5'-aggct-
tcgaacgtaactgacc-3'; rev, 5'-ctcagaactcccttcttgaage-3’), Vangl2-flox (fwd,
5’-cagaatcctectgteectga-3’;  rev,  5’-ctcagctaaaccacctetge-3'),  WntSa-flox
(fwd, 5'-ggtgagggactggaagttgc-3'; rev, 5'-ggagcagatgtttattgecttc-3'), R26R-
tdTomato (fwd1, 5'-tgcccagactcatcettgge-3'; fwd2, 5'-ggcattaaagcagegtatec-3';
revl, 5'-ctgttectgtacggeatgg-3'; rev2, 5'-aagggagcetgeagtggagta-3'), Emx2-
Cre (fwd, 5’-gagtaatagcgaccaatcatcaagec-3'; revl, 5’-cgaacatcttcagg-
ttetgegg-3'; rev2, 5'-cttggaagegatgacccagatatcgg-3') and Pax2-Cre (fwd,
5'-cgatgcaacgagtgatgaggt-3'; rev, 5'-gcacgttcaccggcatcaac-3"). Vangl2t'*
animals were genotyped by PCR amplification of a 228 bp fragment
containing the S464N mutation, which was then digested with Hpy16611
restriction enzyme as described previously (Vladar et al., 2012). The
primers used were: Vangl2™” (fwd, 5'-atatttggctgctggacccaccatee-3'; rev,
5’-tgcagccgcatgacgaacttatgtga-3').

Quantitative PCR

Total RNA isolation from embryonic cochleae was carried out using
RNeasy Extraction kit (Qiagen). A genomic DNA removal step was
included in the workflow, as described in the manufacturer’s instructions.
Next, cDNA synthesis was performed using Superscript VILO Master
Mix (Invitrogen) and qPCR reactions were carried out with SsoFast
EvaGreen Supermix on a CFX96 real-time PCR system (BioRad). The
AACT method (Schmittgen and Livak, 2008) was used to analyze relative
gene expression in samples using Rp//9 as the endogenous reference
gene. In our analysis, we only included genes whose expression was equal
to or below a cut-off of 34 cycles, which approximately corresponded to a
ACT value of 14. All qPCR reactions were performed in triplicate in three
or more independent biological replications. For a complete list of gPCR
primers used, see Table S1. With the exception of Wntl6, all gPCR
primers span an exon-exon boundary. In addition, individual pairs of
primers were validated using cDNA libraries from a variety of mouse
tissues expressing targets of interest (individual Wnts, Wntless and
Porcn).

Immunohistochemistry

For cryosections, the otic capsule was removed and then fixed in 4%
paraformaldehyde (PFA, Electron Microscopy Sciences) for 24 h at 4°C
followed by short washes with PBS buffer. Tissues were then sequentially
embedded in 10, 20 and 30% of sucrose diluted in PBS buffer and finally
snap-frozen in 100% OCT (Sakura). Tissues were cut into 10-14 um
sections prior to immunohistochemistry. For whole-mount preparation,
cochlear tissues were fixed in 4% PFA from 1 to 24 h (with duration
dependent on the antigen of interest) at 4°C prior to incubation with primary
antibodies overnight at 4°C. For other antigens (Fz6, Dv12, Dv13, Vangll,
Vangl2 and W1s), we fixed cochlear tissues in 10% TCA on ice for 1 h. Fora
complete list of primary antibodies used in this study see Table S2. In
addition, the secondary antibodies used in this study were conjugated to
Alexa Fluor (488, 546 or 647) (ThermoFisher, 1:500). We also used
fluorescent-conjugated phalloidin (Alexa 488, 546 or 647) to label F-actin
(ThermoFisher, 1:500). Alternatively, peanut agglutinin (PNA) coupled to
Alexa Fluor 647 was used to detect the stereocilia bundle (ThermoFisher).
DAPI (ThermoFisher, 1:10,000) was used as a nuclear counterstain. After
fixation and staining, tissues were micro-dissected and mounted in Prolong-

Gold. Control and cKO tissues were always processed and imaged in
parallel.

Scanning electron microscopy (SEM)

Inner ears were isolated in washing buffer [0.05 mM HEPES buffer (pH
7.2), 10 mM CaCl,, 5SmM MgCl,, 0.9% NaCl] and fixed in 4%
formaldehyde in washing buffer for 30 min at room temperature. The
inner ears were then dissected to remove the stria vascularis, Reissner’s and
tectorial membranes. The samples were re-fixed in 2.5% glutaraldehyde, 4%
formaldehyde in washing buffer overnight at 4°C, then washed extensively.
The samples were dehydrated in ethanol (30%, 75%, 100% and 100%,
5min incubation) and processed to critical drying point using an
Autosamdri-815A (Tousimis). Cochleae were mounted on a stud with
silver paint and coated with 5 nm of Iridium (sputter coater EMS150TS;
Electron Microscopy Sciences). Samples were imaged at 5 kV with a FEI
Magellan 400 XHR Field Emission Scanning Electron Microscope at the
Stanford Nano Shared Facilities.

In situ hybridization

Harvested tissues were fixed in 4% PFA overnight at 4°C, embedded for
cryosections and prepared as 10 um sections as described above.
RNAScope and BaseScope were performed as follows: tissue sections
were hybridized with commercial probes from Advanced Cell Diagnostics
(ACDbio) and counterstained with Hematoxylin (Sigma-Aldrich) according
to the manufacturer’s instructions for fixed frozen sections with colorimetric
detection. Briefly, sections were washed in PBS (1x) for 5 min and then
treated with H,O, for 10 min. Next, sections were permeabilized using
target retrieval reagent (ACDbio) and proteinase before hybridization.
Probes used were: DapB (310043), Polr2a (310451), Wis (405011), Porcn
(404971), Porcn_E3_E7 (433251), Atoh1 (408791), Wnt2b (405031), Wnt4
(401101), Wnt5a (316791), WntSa_2EJ (717251), Wnt7a (401121), Wnt7b
(401131), Wnt9a (405081) and Wntll (405021) (all from Advanced Cell
Diagnostics). Control and cKO cochleae were processed in parallel, with
sections collected on the same slide and subjected to mRNA detection under
identical conditions.

Image capture and analyses

Fluorescence-labeled images were acquired using a Zeiss LSM700 confocal
microscope. In situ hybridized sections were imaged using an Axioplan 2
microscope coupled to a MRCS5 (bright field) camera and using Axiovision
AC software (Release 4.8, Carl Zeiss). Further imaging processing was
carried out using Photoshop CS6 (Adobe Systems) and image analysis was
performed using ImageJ (NIH).

Hair bundle orientation and kinocilia/basal body measurements
The organ of Corti was imaged by confocal microscopy at the basal and
middle turns. Prior to quantification, we oriented the confocal images such
that the apical-basal axis goes from left to right of the image, whereas outer
hair cells and inner hair cells are positioned at the top and bottom of the
image, respectively. Measurements of stereocilia bundle orientation and
kinocilia/basal body position in hair cells were acquired using a custom
Python program. First, z-stack confocal images of the organ of Corti were
uploaded into the program. Second, through sequential selections,
individual hair cells were outlined, and then stereocilia bundle and
kinocilia/basal body angles were calculated with respect to the
mediolateral axis of the organ of Corti, and a reference line drawn parallel
to the pillar cells. Once hair cells in the image were selected, the
measurements were saved as a csv file. Data points from these csv files were
then plotted using custom Python scripts. The circular mean and circular
standard deviations for each dataset were calculated using SciPy. All the
scripts used in this article can be found in https:/github.com/a-jacobo/
Cell-Polarity-Measurements.

Statistics

Statistical analyses were conducted using Excel (Microsoft) and Prism 7
(GraphPad) software. Two-tailed, unpaired Student’s r-test was used.
P<0.05 was considered significant. In addition, we tested for equality of
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means and variance using a permutation test (also called a randomization
test) (Ernst, 2004) with a Monte Carlo estimate of the P-values. This method
allows no prior assumptions on the distribution of orientation. To gain
greater statistical power, we sampled B=10,000 permutations, considering
each mouse as a sampling unit, and compared the difference in means
between control and mutant mice and the difference in variances. Details of
the R code for permutation test are included in the supplementary Materials
and Methods. Circular correlation analysis was performed using the R
package ‘circular’. In short, the cor.circular function calculates the circular
version of Pearson’s product moment correlation for two linear variables X
and Y. The outputs also include the test statistics and a P value. P<0.05 was
considered significant. The R package ‘circular’ can be found in https:/
www.rdocumentation.org/packages/circular. Data are shown as mean+s.d.
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