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Whnts regulate planar cell polarity via heterotrimeric
G protein and PI3K signaling

Andre Landin Malt!, Arielle K. Hogan', Connor D. Smith!, Maxwell S. Madani?, and Xiaowei Lu!®

In the mammalian cochlea, the planar cell polarity (PCP) pathway aligns hair cell orientation along the plane of the sensory
epithelium. Concurrently, multiple cell intrinsic planar polarity (referred to as iPCP) modules mediate planar polarization of the
hair cell apical cytoskeleton, including the kinocilium and the V-shaped hair bundle essential for mechanotransduction. How
PCP and iPCP are coordinated during development and the roles of Wnt ligands in this process remain unresolved. Here we
show that genetic blockade of Wnt secretion in the cochlear epithelium resulted in a shortened cochlear duct and misoriented

and misshapen hair bundles. Mechanistically, Wnts stimulate Gi activity by regulating the localization of Daple, a guanine
nucleotide exchange factor (GEF) for Gai. In turn, the GBy complex signals through phosphoinositide 3-kinase (PI3K) to
regulate kinocilium positioning and asymmetric localizations of a subset of core PCP proteins, thereby coordinating PCP and
iPCP. Thus, our results identify a putative Wnt/heterotrimeric G protein/PI3K pathway for PCP regulation.

Introduction

The vertebrate PCP pathway mediates a noncanonical, -
catenin-independent Wnt signaling cascade and regulates
a plethora of developmental processes (Butler and Wallingford,
2017). Mammalian “core” PCP proteins include orthologues of
Drosophila melanogaster Frizzled (Fzd3/6), Dishevelled (Dvl1-3),
Van Gogh (Vangl1/2), Flamingo (Celsrl-3), Prickle (Pk1-2), and
Diego (Ankrdé). Core PCP proteins orient cell polarity along a
tissue plane by forming two polarized protein complexes that
interact across intercellular junctions and generate cytoskeletal
asymmetry through Rho family GTPases. While Wnt ligands are
involved in PCP regulation in vertebrates, the underlying
mechanisms are poorly understood (Aw and Devenport, 2017;
Yang and Mlodzik, 2015).

Accumulating evidence suggests that heterotrimeric G pro-
teins are involved in noncanonical Wnt signaling (Nichols et al.,
2013; Schulte and Wright, 2018). Classical G protein-coupled
receptors (GPCRs) stimulate exchange of GTP for GDP on the Ga
subunit, triggering its dissociation from the GBy heterodimer.
Subsequently, GBy and Ga-GTP can separately activate distinct
downstream effectors (Oldham and Hamm, 2008). Although
Frizzled receptors are a class of GPCRs, it is debated whether
they can directly activate G proteins. Cell culture experiments
demonstrated that Wnt5a-activated Fzd7 can induce G protein
signaling not as a classic GPCR, but by binding to the non-
receptor guanine nucleotide exchange factor (GEF) Daple/
Ccdc88c (Aznar et al., 2015). Daple can also bind the PSD-95/

DLG/ZO1 (PDZ) domain of Dishevelled and activate non-
canonical Wnt signaling (Ishida-Takagishi et al., 2012). Thus,
Wnt/G protein signaling may be mechanistically and function-
ally linked to the PCP pathway. However, the roles of Wnt/G
protein signaling in mammalian tissue morphogenesis, partic-
ularly in PCP regulation, remain unknown.

Auditory hair cells (HCs) in the organ of Corti (OC) manifest
hallmark features of PCP (Tarchini and Lu, 2019). Essential for
their function as sound receptors, individual HCs assemble a
hair bundle on their apical surface consisting of rows of actin-
based stereocilia arranged in a staircase pattern. Hair bundle
formation is initiated by the centrifugal migration of the HC
primary cilium, the kinocilium, toward the lateral pole of the
HC. Surrounding microvilli then elongate into stereocilia, which
interconnect to form a V-shaped hair bundle with the kinocilium
tethered at the vertex. Thus, the asymmetric apical cytoskeleton
defines HC intrinsic planar polarity, or iPCP (Fig. 1 a). Con-
current with iPCP establishment, HCs become uniformly ori-
ented along the medial-lateral axis of the cochlear duct, which
defines tissue-level PCP (Fig. 1 a).

The PCP pathway mediates intercellular signaling between
HCs and neighboring supporting cells (SCs) to align iPCP. Core
PCP proteins are planar polarized on the medial-lateral HC-SC
apical junctions (Etheridge et al., 2008; Montcouquiol et al.,
2006; Wang et al, 2005, 2006). PCP mutants have misor-
iented hair bundles and a shortened cochlear duct due to
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Figure 1. Growth defects in WIs?© cochleae. (a) Schematic diagrams of a
cochlear duct (CD) cross-section (top), and en face view of the OC and sur-
rounding nonsensory epithelia (bottom). HCs are colored green and SCs
magenta. (a’) A schematic diagram of the HC apical cytoskeleton. The me-
dially polarized microvilli zone is shown in gray. (b-e) Cross-sections of E16.5
control (b and d) and Wis%° cochleae (c and e) stained for Wls (magenta), Tuj1
(green), and nuclei (blue). (f and g) Paint-filled control (f) and Wis®° (g) inner
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defective cochlear extension. PCP signaling is dispensable for
iPCP establishment. Distinct from PCP defects, mutants for iPCP
effectors had misshapen hair bundles with the kinocilium de-
tached or positioned “off-center” in relation to the midpoint of the
hair bundle, often accompanied by hair bundle misorientation.
Several planar polarized iPCP effector modules including Racl and
Cdc42 GTPases, cell polarity proteins, and microtubule motors act in
concert to couple hair bundle orientation with kinocilium posi-
tioning (Ezan et al., 2013; Grimsley-Myers et al., 2009; Kirjavainen
et al., 2015; Landin Malt et al., 2019; Siletti et al., 2017; Sipe et al.,
2013; Sipe and Lu, 2011; Tarchini et al., 2013). Of particular interest,
Gai proteins and their regulators LGN/G protein signaling modu-
lator 2 (Gpsm2) and Daple are essential for iPCP in the OC (Beer-
Hammer et al., 2018; Ezan et al., 2013; Siletti et al., 2017; Tarchini
et al., 2013). Here, we investigate the unsolved questions regarding
the function of heterotrimeric G protein signaling and its regulation
by Wnts during PCP establishment in the OC.

Results and discussion

Epithelial Wnts are required for cochlear outgrowth

Published RNA-sequencing data have shown that many Wnt
ligands are expressed in the developing mouse cochlea at em-
bryonic day (E)16, when both iPCP and PCP signaling are active
(Scheffer et al., 2015). To localize the source of secreted Wnt
ligands, we examined the distribution of Wntless (Wls)/GPR177,
a transmembrane protein required for secretion of all Wnt li-
gands (Banziger et al., 2006; Bartscherer et al., 2006). At E16.5,
Wis is highly enriched on the luminal surface of the cochlear
duct, including the OC and adjacent nonsensory epithelia (Fig. 1,
b and d, brackets). Wls is also expressed in the otic mesenchyme
and the spiral ganglion. To determine the function of epithelial
Wnts in cochlear morphogenesis, we generated a conditional
knockout of Wls (Wisk©) by deleting Wis in the developing co-
chlear epithelium. At E16.5, Wls expression was significantly
reduced in the WIsC cochlear duct, confirming Wls deletion
(Fig. 1, c and e). No live WIs*®© pups were recovered, and
E18.5 WIs®C embryos displayed developmental defects in mul-
tiple organs, consistent with the Cre expression patterns (Fig.
S1). The WisK© cochlear duct was significantly shorter and di-
lated at E14.5 (Fig. 1, fand g, brackets). By E18.5, the length of the
WIsKO cochlea was about one third of the normal length (Fig. 1,
h-j). We next assessed HC and SC specification using the HC
marker Myosin VIIa and SC marker Sox2. Myosin VIla expres-
sion in HCs and Sox2 expression in SCs was comparable be-
tween the control and Wis© cochlea (Fig. 1, I-0). However, HC
numbers were greatly reduced in Wis®© OC, and extra rows of
outer HCs and SCs were frequently observed toward the co-
chlear apex (Fig. 1, k-0). Thus, cell fate specification in the OC

ears at E14.5. (h and i) Dissected E18.5 control (h) and WIs%K cochleae (i).
(j and k) Quantifications of cochlear length and HC numbers. n = 6 for each
genotype. ***, P < 0.001. (l-0) Confocal images of E18.5 control (L and n) and
WIsK0 OC (m and o) stained for myosin Vlla and Sox2. Arrowheads indicate
the pillar cell row. Scale bars: b-e, 100 pm; f and g, 250 um; h and i, 100 um;
l-0, 6 um. Co, cochlea; LER, lesser epithelial ridge; SG, spiral ganglion.
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Figure 2. Hair bundle orientation and kinocilium positioning defects in Wis®® cochleae. (a-c) E18.5 control (a) and Wisk® OC (b and c) stained for
acetylated tubulin (labeling the kinocilium, green) and F-actin (labeling the hair bundle, magenta). (d-h) Scanning electron micrographs of Wis®© hair bundles.
Kinocilia are indicated by arrows (a, b, and d) or pseudo-colored (e-h). (i) Schematic diagrams for measurements of hair bundle orientation and kinocilium
positioning. (j and k) Quantifications of hair bundle orientation (j) and kinocilium positioning (k). ***, P < 0.001. Scale bars: a-c, 6 um; d-h, 4 pm.

can proceed independently of epithelial Wnt ligands, but Wnts
are required for normal cochlear outgrowth and HC numbers.

PCP and iPCP defects in the Wis<k° OC

To assess HC polarity, we next examined hair bundle morpho-
genesis. At E18.5, both iPCP and PCP were evident in control
HCs: the kinocilium was positioned at the hair bundle vertex and
near the lateral pole of HCs (Fig. 2 a and Fig. S1 h). In contrast,
many WIs®®© HCs had misoriented and misshapen hair bundles
with an off-center kinocilium (Fig. 2, b-k; and Fig. S1 i), indi-
cating defects in both PCP and iPCP. Hair bundle misorientation
was more severe toward the apex, where outer hair cell (OHC)
rows were disorganized (Fig. 2 c). Of note, kinocilium migration,
an early step in iPCP, was not affected in Wis®© HCs. Together,
the hair bundle shape and orientation defects indicate that Wnt
signaling regulates both iPCP and PCP in the OC.

In Wis*K© OC, hair bundle misorientation was mild compared
to PCP null mutants (Montcouquiol et al., 2003; Song et al.,
2010), suggesting a partial impairment of PCP signaling. To
pinpoint the role of secreted Wnts in PCP signaling, we exam-
ined the localization of representative core PCP proteins. At
E18.5, Fzd6 was enriched along the medial junctions and Dvl2
along the lateral junctions of HCs in the control (Fig. 3, a, b, e,
and f, arrows; and Fig. 3 s). In Wis?X° OC, junctional localization
of Fzd6 was greatly reduced (Fig. 3, ¢, d, and s); and similarly,
Dvl2 was delocalized from lateral HC junctions and distributed
diffusely in SC phalangeal processes (Fig. 3, g, h, and s). By
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contrast, asymmetric localization of Vangl2 along the medial HC
junctions was largely intact (Fig. 3, i-1, arrows; Fig. 3 s). Likewise,
DvI3 was enriched along the medial-lateral HC junctions in both
control and Wis*© OC (Fig. 3, m-p, arrows; Fig. 3 s). Finally, total
protein levels of Fzd6 and Dvl2 were not significantly changed in
WIs®O cochlear tissues, suggesting their delocalization was not due to
loss of protein expression (Fig. 3, t and u). Thus, we conclude that
Whats regulate junctional localization of a subset of core PCP proteins.
To determine how Wnts regulate iPCP signaling, we examined
the polarized distribution of representative iPCP effector proteins
(Fig. S2). In addition to LGN and Goi, which form a complex that
localizes to the bare zone and lateral HC junctions, the PDZ-domain
scaffold protein Par3 is asymmetrically localized along the lateral HC
junctions. Par6 and aPKC are polarized on the medial side of the HC
apical surface and junction. In Wis© OC, laterally polarized dis-
tributions of LGN, Gaii, and Par3 were largely intact, albeit with mild
misorientation matching the PCP defects (Fig. S2, b, d, and f).
atypical protein kinase C (aPKC) was still medially polarized; how-
ever, staining intensity along the medial HC junctions was reduced
(Fig. S2, g and h). These results suggest that planar polarized local-
ization of iPCP proteins is largely independent of Wnt signaling.

Whnts regulate Daple localization and Gai activity

Because junctional localization of DvI2 was lost in Wis*¥© OC, we
reasoned that Wnts may regulate a Dvl2-dependent process to
mediate iPCP. As Daple is enriched along the lateral HC junctions
where it interacts with both Gai and DvI2 (Siletti et al., 2017), we
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Figure 3. Core PCP protein localization in Wis<k° OC. (a-p) Fzd6 (a-d), DvI2 (e-h), Vangl2 (i-1), and DvI3 (m-p) localization in the control and Wis®© OC at
E18.5. Cell junctions were marked by ZO-1 or phalloidin staining. Scale bars, 6 um. (q and r) Schematic diagrams of core PCP protein localization in control (p)
and Wis© OC (r). (s) Quantifications of PCP protein localization along the medial and lateral junctions of OHCs at E18.5. ***, P < 0.001; ns, not significant.
(t and u) Western blot analysis of pooled E18.5 cochlear lysates probed with indicated antibodies (t) and protein level quantifications (u).

asked whether Wnts regulate Daple localization in the OC. In the
control, Daple was enriched along the lateral HC junctions and in
a punctate ring-like pattern around the HC basal body (Fig. 4, a,
a, and c, arrows). Strikingly, in Wisk® OC, Daple localization at
both subcellular locations was greatly reduced (Fig. 4, b, d, p, and
q)- Thus, Wnt signaling regulates Daple localization in the OC.
Disrupted localization of the Gai GEF Daple in Wis®© OC
suggested that Wnts regulate Gai activation via Daple. To test
this, we used antibodies specific to Goi-GTP (Lane et al., 2008) to
immunolocalize activated Gai proteins. In the control, activated

Landin Malt et al.
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Gai was detected in the HC apical cytoplasm and enriched in the
kinocilium (Fig. 4, e and g, arrows; Fig. S3, a and b). In Wis° OC,
localization of Gai-GTP to the kinocilium and apical cytoplasm
was significantly reduced (Fig. 4, f and r). Together, these data
reveal a role of Wnts in stimulating Gai activity in the OC.

Inhibition of GBy led to PCP and iPCP defects

Inhibition of Gai activity by pertussis toxin, which traps the G
protein in the heterotrimeric complex, was shown to disrupt
iPCP, indicating a requirement of Gai proteins in iPCP (Ezan
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Figure 4. Wnt-dependent G protein signaling regulates PCP in the OC. (a-d) Daple localization to HC junctions (a-b’) and around the basal body (c and d)
in E18.5 control and Wis*© cochleae. (e~h) At E18.5, activated Gai was enriched in the kinocilium in the control and greatly reduced in Wis*© OC (f and h). (i-o) Vehicle (i) or
Gallein-treated cochlear explants (j-o) stained for F-actin (magenta), acetylated tubulin (blue), and GFP-Centrin2 (green). Scale bars, 6 um. (p-t) Quantifications of Daple
levels at HC junctions (p) and around the basal body (q), Gai-GTP levels in the kinocilium (r), hair bundle orientation (s), and kinocilium positioning (t). ***, P < 0.001.

et al., 2013; Tarchini et al., 2013). However, whether the GBy
heterodimer also plays a role in iPCP in the OC is unknown. To
test this, we treated cochlear explants with Gallein, a GBy inhibitor
that specifically blocks GBy-effector interactions without affecting
the heterotrimeric G protein cycle (Lehmann et al., 2008; Lin and
Smrcka, 2011). While HC polarity in control explants was largely
normal (Fig.4 i), many HCs in Gallein-treated explants had mi-
soriented and fragmented/misshapen hair bundles accompanied
by a detached or aberrantly positioned kinocilium (Fig. 4, j-o,
arrows). Furthermore, alignment of the HC centrioles along the
medial-lateral axis (see Fig. 1 a’) was defective as revealed by a
GFP-Centrin2 transgene (Fig. 4, k-o0). Thus, we conclude that GBy
signaling is required for iPCP and PCP in the OC.

Whnts coordinate PCP and iPCP through phosphoinositide
3-kinase (PI3K)

GBy heterodimer can directly activate PI3Ky (Brock et al., 2003).
Moreover, Wntba can activate PI3K signaling in vitro in a GBy-

Landin Malt et al.
Wnt/G protein/PI3K signaling regulates PCP

dependent manner (Aznar et al., 2015). We therefore tested
whether PI3K is a key effector of Wnt/G protein signaling in the
cochlea. To assess PI3K signaling activity, we examined the lo-
calization of active AKT using antibodies against phospho-S473
AKT (pAKT). In the control at E18.5, pAKT was diffusely local-
ized in the HC apical cytoplasm and enriched in the kinocilium
(Fig. 5, a and b, arrows). In Wis*K© OC, pAKT staining in the
kinocilium was greatly reduced (Fig. 5, c, d, and i), suggesting
that Wnts positively regulate PI3K signaling in HCs.

If PI3K is a crucial Wnt effector for HC polarity, then ex-
pression of a constitutively active form of PI3K should rescue
PCP defects caused by Wis deletion. To this end, we generated
WIsK9; iPI3Kca/+ compound mutants expressing a Cre-inducible,
constitutively active pllOa catalytic subunit of PI3K (Adams
et al,, 2011). Embryos expressing iPI3Kca had an enlarged
brain or exencephaly due to brain overgrowth, indicating ef-
fective iPI3Kca induction by Emx2¢" (Fig. S3, c and d). Moreover,
iPI3Kca induction did not interfere with Wis deletion as confirmed
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Figure 5. Wnts signal through PI3K to coordinate iPCP and PCP in the OC. (a-h) pAKT (green) and acetylated tubulin staining (magenta) in the control (a
and b), WIs?© (c and d), iPI3Kca/+ (e and f), and WisK%; iPI3Kca/+ OC (g and h) at E18.5. Arrows indicate the kinocilium. (i-1) Quantifications of pAKT levels in the
kinocilium (i and j), cochlear length (k), and HC number (l). (m and n) E18.5 iPI3Kca/+ (m) and Wis?; iPI3Kca/+ OC (n) stained for acetylated tubulin (magenta)
and F-actin (green). (o and p) Quantifications of hair bundle orientation (o) and kinocilium positioning (p). (q-t) Fzd6 and DvI2 localization in E18.5 iPI3Kca/+ (q
and s) and Wis%; iPI3Kca/+ OC (r and t). (u) Quantifications of Fzd6 and Dvl2 junctional localization. ***, P < 0.001; **, P < 0.01; ns, not significant. (v) A
proposed Wnt/G protein/PI3K pathway for cochlear PCP regulation. Scale bars, 6 um.

by Wls immunostaining at E16.5 (Fig. S3, e-h). In contrast to
overgrowth of the brain, PI3Kca expression in the cochlea did not
have any overt effect on OC cellular patterning, iPCP, or PCP
(Fig. 5 m and Fig. S3 i). Neither did it affect pAKT localization to
the kinocilium (Fig. 5, e and f). Importantly, pAKT localization to
the kinocilium in Wis®©; iPI3Kca/+ cochleae was restored to sim-
ilar levels compared with iPI3Kca/+ cochleae (Fig. 5, g, h, and j).
Remarkably, iPI3Kca expression significantly rescued Wis© co-
chlear defects, including cochlear length, HC numbers, hair

Landin Malt et al.
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bundle orientation, and kinocilium positioning (Fig. 5, k-p; and
Fig. S3 j). We further examined Fzd6 and Dvl2 localization in the
rescued cochleae. Interestingly, iPI3Kca expression significantly
restored asymmetric localization of Fzd6, but not Dvl2 (Fig. 5, g-t,
arrows; Fig. 5 u), suggesting that Dvl2 is genetically upstream of or
in parallel with PI3K, which acts upstream of Fzd6. Together, these
results indicate that PI3K is a key downstream effector of Wnt
signaling that mediates both cochlear outgrowth and HC polarity

in the cochlea.
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Consistent with published studies (Aznar et al., 2015), our
findings suggest a model in which Wnts activate Gai proteins
through membrane recruitment of Daple. In turn, free GBy ac-
tivates PI3K to couple kinocilium positioning with hair bundle
orientation and to localize a subset of core PCP proteins, thereby
coordinating iPCP and PCP in the OC (Fig. 5 v). The putative
Wnt/G protein/PI3K pathway likely plays a permissive role in
HC polarity, as constitutive activation of PI3K signaling did not
repolarize HCs or alter PCP vectors. The enrichment of active
Gai and AKT in the kinocilium raises the possibility that G
protein-PI3K signaling acts within the kinocilium to maintain
its position at the hair bundle vertex.

Previous studies suggest that canonical Wnt signaling within
the cochlea promotes cell proliferation of otic precursors and
radial patterning of medial-lateral compartments, and some-
what controversially, HC differentiation (Jacques et al., 2012;
Jansson et al., 2019; Munnamalai and Fekete, 2016; Shi et al.,
2014). Our study indicates that Wnts secreted from the co-
chlear epithelium are required for normal cochlear growth, but
dispensable for HC differentiation. The medial and lateral
compartments as demarcated by the pillar cell row were largely
intact in Wis?%0 cochleae, consistent with the notion that Wnts
cooperate with other morphogens to control radial patterning
(Munnamalai and Fekete, 2016). Interestingly, the spiral gan-
glion was smaller in size and positioned abnormally in the ab-
sence of epithelial Wnts (Fig. 1 e), suggesting a codependence of
neural and sensory patterning in the cochlea (Bok et al., 2013).
PI3K inhibition has been previously shown to impair cochlear
growth (Okano et al., 2011). Rescue of cochlear length and HC
numbers in WIs*© cochleae by PI3K activation suggests that
PI3K acts downstream of or in parallel with canonical Wnt sig-
naling to promote otic precursor cell proliferation. The interplay
between canonical Wnt and Wnt/G protein signaling in otic
precursor cells remains to be determined.

We show that epithelial Wnts are required for asymmetric
localization of Fzdé and Dvl2, but not Vangl2 or DvI3 in the OC.
Similar results are independently reported (Huarcaya-Najarro
et al,, 2020). Together, these findings reveal a “fail-safe” mech-
anism to ensure robust generation of PCP vectors. In contrast to
WIsK0, Daple knockout mice had normal cochlear length and Fz6
localization (Siletti et al., 2017), suggesting that additional GEFs
are involved in Wnt/G protein signaling in the OC. Rescue of
Fzd6 localization in WiIs"®® OC by PI3K activation suggests that
Wnt/G protein signaling modulates the cortical cytoskeleton or
the expression of as-yet unidentified factor(s) required for
membrane trafficking and localization of Fzd6. Of note, the
largely intact Vangl2 localization in the Wis®© cochlea contrasts
with studies in the mouse limb mesenchyme and the Xenopus
neural plate, where Wnt5a/Wntll regulate Vangl2 phosphoryl-
ation and asymmetric membrane localization (Gao et al., 2011;
Ossipova et al., 2015). It is possible that Wnts from a non-
epithelial source act redundantly to regulate Vangl2 localization.
Alternatively, Vangl2 localization may be redundantly regulated
by tissue mechanical forces, as observed in Xenopus larval skin
(Chien et al., 2015).

The ligands and receptors for Wnt/G protein signaling in the
OC remain to be identified. Wnt5a~/~ mice had milder cochlear
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PCP defects than Wis*© mutants (Qian et al., 2007), suggesting
additional Wnts are involved. Fdz7 and the closely related Fzd2
are candidate receptors: both are expressed in the developing
OC; Fzd2 knockout mice have mild hair bundle orientation de-
fects (Yu et al., 2010, 2012), while fzd7a/b was recently shown to
regulate HC PCP in the zebrafish lateral line in parallel with
vangl2 (Navajas Acedo et al., 2019). The Wnt coreceptors Ror2
and Ptk7 have been implicated in PCP but not iPCP in the OC
(Andreeva et al., 2014; Yamamoto et al., 2008), and therefore
may have very minor, if any, involvement in Wnt/G protein
signaling. Of note, PI3K activation did not restore Dvl2 locali-
zation in WIs%© cochleae, suggesting that, in addition to being a
core PCP protein, DvI2 may also mediate Wnt/G protein sig-
naling. Future studies will shed light on the Wnt/G protein
pathway components in the OC.

Materials and methods

Mice

Conditional deletion of Wis was achieved using a Wisfox allele (Fu
et al., 2011) and Emx2°, which drives Cre expression in the
cochlear epithelium starting from E12.5 (Kimura et al., 2005;
Ono et al,, 2014). Specifically, Emx2°¢/+; Wisfl/+ males were
mated with Wisfox/flox or Wisflex/+ females carrying the R26-
PI3Kca*HI047R transgene (Jackson Laboratories, 16977). Rosa-
mT/mG, Arl13b-mCherry, and GFP-Centrin2 transgenic mice
(Bangs et al., 2015; Higginbotham et al., 2004; Muzumdar et al.,
2007) were obtained from the Jackson Laboratories (007576,
027967, and 008234, respectively). Animal care and use were
performed in compliance with National Institutes of Health
guidelines and the Animal Care and Use Committee at the Uni-
versity of Virginia. For timed pregnancies, the morning of the
plug was designated as E0.5, and the day of birth postnatal day
0 (Po).

Paint-fill and immunohistochemistry

Paint-fill analyses were performed as described previously
(Grimsley-Myers et al., 2012). For immunostaining, temporal
bones were fixed in 2 or 4% paraformaldehyde for 1 h at RT or in
10% TCA for 1 h on ice (indicated in the list in Table 1), then
washed in PBS/glycine. Staining of whole-mount and cochlear
cryo-sections was performed as previously described (Landin
Malt et al., 2019). Briefly, cochlear sections or dissected co-
chleae were incubated in PBS containing 0.1% Triton X-100, 5%
heat-inactivated goat/horse serum, and 0.02% NaNj; for 1 h at
RT, followed by overnight incubation with primary antibodies at
4°C. After three washes, samples were incubated with secondary
antibodies and phalloidin/Hoechst 33342, post-fixed and
washed, and mounted in Mowiol with 5% N-propyl gallate.
Table 1 lists the antibodies used.

Microscopy and image analysis

Control and mutant samples were imaged under identical con-
ditions. Images were collected at RT on a Deltavision deconvo-
lution microscope with SoftWoRx software (Applied Precision),
using an Olympus PlanApo 60x/1.42 NA oil-immersion objec-
tive, and Photometrics Cool Snap HQ2 camera, or on an Olympus
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Table 1. List of antibodies used

o

D QD
Yot

Jv

Antibody Concentration Vendor Catalog no.
Alexa-conjugated phalloidin 1:200 Thermo Fisher Scientific Al12379, A12380, A12381, A22287
Alexa-conjugated secondary antibodies 1:500 Thermo Fisher Scientific A11036, A11029, A11057, A11077
Anti-acetylated tubulin 1:1,000 Sigma-Aldrich T6793

Anti-aPKC 1:100 Santa Cruz sc-216

Anti-DvI2 1:100 (TCA) Proteintech 12037-1-AP
Anti-Dvl3 1:200 Proteintech 13444-1-AP
Anti-Daple 1:400 (TCA) Bethyl Laboratories A302-951A
Anti-Fzd6 1:100 (TCA) R & D Systems AF1526-SP
Anti-Gai3 1:500 Genetex GTX14246
Anti-Gai-GTP 1:100 NewEast Biociences 26901

Anti-GFP 1:500 Aveslab GFP-1020
Anti-LGN 1:500 Homemade Zheng et al,, 2010
Anti-myosin Vlla 1:500 Proteus BioSciences 25-6790
Anti-Par3 1:500 Millipore 07-330

Anti-Par6 1:100 Santa Cruz sc-166405
Anti-pS473-AKT 1:100 Cell Signaling 9271S

Anti-Sox2 1:500 Santa Cruz sc-365823
Anti-Tujl 1:500 Biolegend MMS-435P
Anti-Vangl2 1:100 Millipore MABN750
Anti-Wls 1:600 Kerafast EUR302
Anti-ZO-1 1:200 (TCA) DSHB R26.4C-c

Hoechst 33342 1:10,000 Thermo Fisher Scientific H3570

FV1000 confocal microscope with photomultiplier tube de-
tectors and Fluoview software, using an Olympus UPlanSApo
60x/1.35 NA oil-immersion objective. Image processing, in-
cluding adjustments of brightness, contrast, and gamma level,
were performed using Fiji (National Institutes of Health) and
Photoshop (Adobe). All micrographs of the OC were shown with
the lateral side up, and the row of inner pillar cells was indicated
by an arrowhead.

Quantification of HC phenotypes

Cochlear length, HC number, hair bundle orientation, and ki-
nocilium position were quantified as previously described
(Landin Malt et al., 2019). For hair bundle orientation, a refer-
ence line was drawn parallel to the row of inner pillar cells, and
another line connecting the two ends of the hair bundle. The
angle formed by the two lines indicated bundle misorientation
in degrees. For kinocilium positioning in relation to the hair
bundle, the distances from the tip of the kinocilium to the ends
of the hair bundle were measured, and their ratio (x/y, x = y)
was plotted as kinocilium index. Off-center kinocilium had an
index value >1.5.

Quantification of protein localization

Immunostaining of various polarity proteins in the OHC region
was quantified from single optic sections following background
subtraction using Fiji. For core PCP proteins, apical cell junctions
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were identified by either ZO-1 or F-actin staining. Next, a 30 x
10-pixel region of interest (ROI) centered around the medial,
lateral, or orthogonal HC junctions was selected. As such, the
ROI contained the plasma membranes and cell cortex of the HC-
SC pair. PCP protein staining intensity in the medial or lateral
ROI was normalized to that of the orthogonal ROI of the same
HC, and the ratio was plotted as “Asymmetry Index.” Because
strong staining in pillar cells often overlapped with medial
junctions of OHCI, only OHC2 and OHC3 rows were quantified.
For protein localization in the kinocilium, a 20 x 5-pixel ROI
centered around the kinocilium was selected. Protein staining
intensity in the ROI was normalized to the mean of the litter-
mate control, and plotted as percentages of control levels. For
Daple cortical localization, the staining intensity of the medial
and lateral ROIs was plotted as percentages of the mean of
control lateral ROIs. For Daple pericentriolar localization, a 33-
pixel-diameter ROI around the basal body was selected, and
staining intensity was plotted as percentages of the mean of
control ROIs.

Western blot analysis

Cochleae were dissected from E18.5 Wis© and littermate con-
trols. Following extraction in lysis buffer (1% Triton X-100,
20 mM Hepes, pH 7.4, 0.14 M NaCl, 5% glycerol, 1 mM vanadate,
25 mM NaF, protease and phosphatase inhibitors), pooled lysates
of 6 WIsKO or four control cochleae were loaded into one well.
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For Western blot analysis, membranes were incubated with
primary antibodies (Fzd6, Abclonal A10503, 1:1,000; Dvl2, Pro-
teintech 12037-1-AP, 1:2,000; and o-tubulin, Sigma-Aldrich
T6074, 1:10,000), followed by appropriate LI-COR IRDye sec-
ondary antibodies, and visualized using the Li-COR Odyssey CLx
Imaging System. Quantifications were calculated with LI-COR
Image Studio Software.

Statistical analysis

A minimum of three independent experiments was analyzed for
all quantifications. The numbers of individual data points were
indicated in the figures or figure legends. All data were pre-
sented as mean + SD. Significance was tested using a two-tailed
Student’s t test or one-way ANOVA followed by a Tukey’s
multiple comparison test (GraphPad Prism).

Scanning electron microscopy

Temporal bones were fixed at RT for 1h in 0.1 M sodium cac-
odylate buffer containing 4% formaldehyde, 2.5% glutaralde-
hyde, 10 mM CaCl,, and 5 mM MgCl,. Cochleae were then
dissected and postfixed overnight at 4°C. Cochleae were washed
and then dehydrated in a series of graded ethanol washes, dried
overnight in hexamethyldisilazane (Electron Microscopy Sci-
ence 16700), mounted on metal stubs, and sputter coated with 5
nm gold. Samples were imaged on a Zeiss Sigma VP HD field
emission scanning electron microscope at 30 kV.

Cochlear explants

E15.5 cochleae were dissected and the Reissner’s membranes
removed to expose the sensory epithelium. Explants were cul-
tured in DMEM/F12 containing N2 Supplement and ampi-
cillin in Lab-Tek chamber slides (C6932) precoated with CellTak
(Thermo Fisher Scientific, CB40240). After overnight incuba-
tion at 37°C 5% CO,, explants were treated with 20 uM Gallein
(Tocris Bioscience, 3090) or DMSO as vehicle control. Media
were replaced daily, and cochleae were fixed after 4 d in vitro,
immunostained, and imaged as previously described (Andreeva
et al., 2014).

Skeletal preparation

Skinned and eviscerated E18.5 embryos were fixed in 100%
ethanol for 24 h followed by 100% acetone for 24 h, then stained
in Alcian Blue/Alizarin Red for 4 d at 37°C. Embryos were
washed in 1% KOH until the staining appeared optimal and
cleared through a 1% KOH/glycerol series.

Online supplemental material

Fig. S1 (related to Fig. 1) shows gross phenotypes of Wis<© em-
bryos; Fig. S2 (related to Fig. 3) shows localizations of repre-
sentative iPCP proteins; and Fig. S3 (related to Fig. 5) includes
controls confirming iPI3Kca induction and Wis deletion.
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Figure S1.  Wls deletion in multiple tissues mediated by Emx2¢e, (ac) Patterns of Emx2ce-mediated recombination as indicated by the Rosa-mT/mG
reporter. Membrane GFP (mGFP, green) marked recombined cells in the cochlear epithelium (a and b) and other tissues in the mouse embryo (c) at PO.
Magenta, phalloidin staining. (d-g) Gross developmental defects in WIs® embryos at E18.5 (e and g). (e and g) Whole-mount skeletal staining using Alcian
blue and Alizarin red to identify cartilage and bone, respectively. (h and i) Scanning electron micrographs of E18.5 control (h) and Wisk® OC (i). Scale bars: a and
b, 50 pm; c-g, 6 mm; h and i, 4 um.
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Figure S2. Localization of iPCP proteins in Wis<k° cochleae. (a—f) Laterally polarized localization of LGN (a and b), Gai3 (c and d), and Par3 (e and f) was
maintained in Wis?© OC. (g and h) aPKC was still polarized to the medial HC apex. All stainings were performed at E18.5, except for Par3, which was at E17.5.
Arrows indicate normal (a, ¢, e, and g) and misoriented iPCP protein localization (b, d, f, and h) relative to the medial-lateral axis. Only OHC rows were shown.
(i) Schematic diagrams of iPCP protein localization in wild-type and Wis®® HCs. Lateral is up. Scale bars, 6 um.
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Figure S3. Expression of constitutively active PI3Kca induced by Emx2°e, (a and b) In PO HCs (outlined), Gai-GTP (green) is enriched in the kinocilium,
which is marked by the ciliary marker Arl13b-mCherry (magenta). (c and d) Emx2°e-mediated expression of constitutively active PI3K resulted in enlarged brain
(d). (e~h) E16.5 cochleae whole-mount stained for Wls (green). Wls expression in the OC and adjacent nonsensory epithelia was greatly reduced in Wise©;
iPI3Kca/+ cochleae (g and h). Magenta, phalloidin staining. (i and j) E18.5 iPI3Kca/+ (i) and WIs*?; iPI3Kca/+ cochleae (j) had normal length. Scale bars: a and b, 6

um; ¢ and d, 1 mm; e-h, 6 pm; i and j, 100
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