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Mutations in the gene for Norrie disease protein (Ndp) cause syn-
dromic deafness and blindness. We show here that cochlear func-
tion in an Ndp knockout mouse deteriorated with age: At P3-P4,
hair cells (HCs) showed progressive loss of Pou4f3 and Gfi1, key
transcription factors for HC maturation, and Myo7a, a specialized
myosin required for normal function of HC stereocilia. Loss of ex-
pression of these genes correlated to increasing HC loss and pro-
found hearing loss by 2 mo. We show that overexpression of the
Ndp gene in neonatal supporting cells or, remarkably, up-regulation
of canonical Wnt signaling in HCs rescued HCs and cochlear func-
tion. We conclude that Ndp secreted from supporting cells orches-
trates a transcriptional network for the maintenance and survival of
HCs and that increasing the level of $-catenin, the intracellular ef-
fector of Wnt signaling, is sufficient to replace the functional re-
quirement for Ndp in the cochlea.
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N orrie disease is an X-linked, recessive, inherited disease that
can be caused by over 100 different mutations in the NDP
gene (1). Major manifestations of the disease are bilateral
blindness with a prominent intraocular mass (pseudoglioma) and
avascularity of the retina, intellectual disability, and progressive
sensorineural hearing loss beginning in adolescence (2, 3). Ndp
belongs to the cystine knot growth factor superfamily and shows
weak homology with transforming growth factor-p (TGF-f) (4).
Ndp signals through frizzled protein 4 (Fzd4), a member of the
Fzd family of proteins that signal for stabilization and nuclear
translocation of cytoplasmic f-catenin in response to Wnt ligand
binding (5-7). p-catenin combines with Tcf/Lef transcription
factors, which mediate binding to DNA and transcriptional ac-
tivation of effector molecules (8, 9). Because of its binding to
Fzd4 and activity mediated by p-catenin (10), Ndp is considered
an atypical Wnt.

Loss of Ndp/Fzd4 signaling in endothelial cells causes defec-
tive vascular growth in development, leading to chronic but re-
versible silencing of retinal neurons (11). In the cochlea, Ndp
knockout (KO) mice exhibited enlarged vessels in the lateral wall
at 3.2 mo and degenerated vessels and loss of hair cells (HCs) at
15 mo (12). Similarly, Fzd4 KO mice showed enlarged vessels in
the lateral wall at 4.5 mo and degeneration of vessels in the
organ of Corti at 11 mo (13).

To better understand the pathophysiology of the disease, we
sought to learn whether the HC deterioration could be a direct
result of the defect in Ndp signaling. Given that hearing loss in
Norrie disease progresses gradually with a median age of onset of
12 y (14), we expected that the effects of Ndp KO would only
become apparent postnatally. Wnt signaling contributes to the
differentiation of HCs from postnatal cochlear progenitor cells
(15, 16), and the activity of Ndp as an alternative Wnt ligand has
the potential to affect HCs directly. Because HCs as well as vessels
show pathology in the Ndp or Fzd4 KO mouse cochlea, we con-
sidered the possibility that the signaling cascade downstream of
Ndp was important for HC survival and function.
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Results

Ndp KO Mice Exhibited Progressive Hearing Loss. Vascular degen-
eration has been noted in the cochlea of the Ndp KO mouse at 3
mo of age (12, 13), and cochlear pathology has been attributed to
vascular insufficiency, similar to the case of the retina in Norrie
disease (1, 11, 13, 17). We examined the cochlear phenotype of
the Ndp KO mouse at younger ages to assess the progression of
cochlear degeneration. We first measured the auditory brain-
stem response (ABR), an indicator of intact neural connections
from HCs to the brainstem via the auditory nerve, and the dis-
tortion product otoacoustic emission (DPOAE), an indicator of
outer HC (OHC) function. Male WT (X*Y), male KO (X7Y),
female wild-type (WT) (X*X*), female heterozygous (X*X"),
and female KO (X™X7) mice were assessed at 1, 2, and 6 mo.
Male KO mice, the disease-relevant genotype, showed a 10-dB
threshold shift in the ABR at 1 mo (Fig. 14); increased thresh-
olds indicate decreased auditory response, and ABR thresholds
were profoundly elevated at 2 mo at all but the highest frequency
tested (45.25 kHz; Fig. 1B). The ABR thresholds were further el-
evated at 6 mo (SI Appendix, Fig. S14; WT male littermates, which
comprised the background strain, C57BL/6, also had elevations at
high frequencies, a known age-related phenotype). The DPOAE
thresholds were progressively elevated at 1 and 2 mo (Fig. 1 C and
D). Female KO mice showed similar phenotypes in the ABR and
DPOAE, whereas female heterozygous mice exhibited slowly pro-
gressing ABR threshold elevations at high frequencies only
(Fig. 1 E-H and SI Appendix, Fig. S1B). Ndp KO mice thus dem-
onstrated progressive hearing loss without distinction by sex; the
elevated DPOAE thresholds indicated dysfunction of OHCs, but a
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Fig. 1. Ndp KO mice exhibit progressive hearing
loss and OHC death. (A) ABR thresholds were in-
creased in male KO (X7Y) mice at 1 mo (WT: n = 14,
KO: n = 10; P < 0.0001, ANOVA; post hoc tests at
5.66, 8.00, 11.33, and 45.25 kHz). (B) ABR threshold
elevations in KO mice were more severe at 2 mo
(WT:n=10,KO:n=9; P<0.0001, ANOVA; post hoc
tests at all frequencies except 45.25 kHz). (C and D)
DPOAE thresholds in KO mice were unchanged at 1
mo (C, WT: n = 14, KO: n = 10; P < 0.0001, ANOVA)
but were elevated at2 mo (D, WT: n=10,KO:n=29;
P < 0.0001, ANOVA; post hoc tests at 8.00 and 11.33
kHz). (E) ABR thresholds were increased across fre-
quencies in female KO (X™X7) mice and at high fre-
quencies in heterozygous (X*X~, Hetero) mice at
1 mo (WT: n=5, Hetero: n=7, KO: n = 6; P < 0.0001,
ANOVA; post hoc tests at 8.00, 11.33, 16.00, 22.65,
32.00, and 45.25 kHz in KO mice and at 45.25 kHz in
heterozygous mice). (F) ABR thresholds were further
elevated across frequencies in female KO mice and
at 32.00 and 45.25 kHz in heterozygous mice at 2 mo
(WT: n = 4, Hetero: n = 7, KO: n = 5; P < 0.0001,
ANOVA; post hoc tests at 5.66, 8.00, 11.33, 16.00,
22.65, 32.00, and 45.25 kHz in KO mice and at 32.00
and 45.25 kHz in heterozygous mice). (G and H)
DPOAE thresholds in KO mice were elevated at 1 mo
(G, WT: n =5, Hetero: n =7, KO: n = 6; P < 0.0001,
ANOVA,; post hoc tests at 11.33 and 32.00 kHz in KO
mice) and were further elevated at 2 mo in KO mice
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further decrease in cochlear function from another source such as
inner HCs (IHCs) or afferent neurons was evident from the greater
magnitude of the threshold shifts in the ABR.

Myo7a-Negative HCs and HC Death in the Ndp KO Mouse Cochlea at
2 mo. Norrie disease patients are blind at birth but show loss of
hearing at a median age of 12y (3, 18). The progressive hearing
loss in the Ndp KO mice was consistent with the observations in
humans and was accompanied by an apparent HC phenotype
based on the DPOAE. To ask whether the HC phenotype was a
direct effect of the lack of Ndp on the sensory epithelial cells of
the organ of Corti (refer to diagrams in Fig. 1/), we examined
HCs in the mutant ears. Instead of the normal Sox2-positive
supporting cells and Myo7a-positive HCs of the WT mouse co-
chlea (Fig. 1J and SI Appendix, Figs. S1 C and E and S2 B and D),
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HCs lacking Myo7a were present in cochlear cryosections of the
heterozygous and KO ears (SI Appendix, Fig. S2 C, E, and F),
and cochlear whole mounts revealed death of OHCs in the base
of the cochlea (Fig. 1K). Computational sections including YZ
and XZ views are shown in each genotype and confirmed the
occurrence of Myo7a-negative OHCs adjacent to Sox2-positive
Deiters’ cells. In the apex of the male KO mouse cochlea, IHCs
were Myo7a negative (SI Appendix, Fig. S1D).

In the female heterozygous mouse cochlea, OHCs lost Myo7a
expression in the nuclear layer, while the protein continued to be
expressed in the cuticular plate in the base (SI Appendix, Fig.
S1F). The abnormal expression of Myo7a in these OHCs was
confirmed in computational sections. In the female KO mouse
cochlea, HCs in both the base and apex were negative for Myo7a
in the nuclear layer, and death of some OHCs was observed
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in the base (SI Appendix, Fig. S1G). Computational sections
showed Myo7a-negative HCs in both the base and the apex.
The decreased number of OHCs in the KO cochlea was sig-
nificant in the base (Fig. 1L), while there was no significant
decrease in surviving IHC numbers (Fig. 1N). The number of
Myo7a-positive OHCs in the base of the KO cochlea was sig-
nificantly decreased, while the number of Myo7-positive IHCs
was significantly decreased in the apex (Fig. 1 M and O). These
losses were reflected in the changes in cochlear function, which were
driven by both ABR and DPOAE in basal (higher frequency) regions
where abnormal and missing OHCs were focused (40-dB shift in the
ABR at 8 kHz with a 20-dB contribution from the DPOAE). The
auditory threshold changes in the apical (lower frequency) regions
where the changes in IHCs were most pronounced resulted in similar
shifts in both metrics (10-dB shift in the ABR at 32 kHz accounted
for by a 10-dB shift the DPOAE). From these observations, it
appeared that the Myo7a-negative HCs and death of OHCs were
responsible for progressive hearing loss in the Norrie disease model.

Expression of Ndp and its Receptor Fzd4 in the Adult Cochlea. To
further explore possible abnormalities in the inner ear vascula-
ture, we examined cochlear endothelial cells in the mutant ears.
Cd31, a marker for endothelial cells in the vasculature, was ob-
served in the lateral wall and under the organ of Corti (see di-
agrams in Fig. 17 and SI Appendix, Fig. S24). In cryosections at 2
mo, no enlarged or obviously abnormal vessels were observed in
the stria vascularis or spiral ligament or in the capillaries directly
beneath the organ of Corti in the male Ndp KO, female hetero-
zygous, or female KO cochlea (SI Appendix, Fig. S2 B-F). This
suggests that the HC phenotypes described at 2 mo occur without
obvious abnormalities in endothelial cells in the lateral wall.

To further investigate the cellular dynamics of ligand receptor
activity in the cochlea and to determine whether the absence of
Ndp affects the organ of Corti directly, we assessed the location
of Ndp and Fzd4, the reported receptor for secreted Ndp (11,
13). At P28, Ndp was expressed in cells of the inner and outer
sulcus and in supporting cells, including Deiters’, Hensen’s, and
Claudius’ cells, but not HCs (Fig. 2 4 and B). Strong Fzd4 in situ
signal was detected in OHCs, Deiters’, and inner border cells
(Fig. 2C). This suggested that Ndp secreted from the inner sulcus
and supporting cells could activate Fzd4 on HCs. Ndp expression
was also seen in the spiral ligament. Fzd4 messenger RNA (mRNA)
was expressed in endothelial cells in the stria vascularis at P28
(Fig. 2D). Endothelial cells in the spiral ligament were positive for
Fzd4 mRNA, suggesting that Ndp secreted from cells of the lateral
wall could stimulate Fzd4 on endothelial cells in the spiral ligament.

As no phenotype was observed in endothelial cells in the Ndp
KO mouse cochlea at 2 mo, we evaluated endothelial cells in the
lateral wall at an older age. Endothelial cells in the stria vascu-
laris of KO mice at 6 mo had no obvious morphological abnor-
malities; however, endothelial cells in the spiral ligament of KO
mice at 6 mo were sparse (SI Appendix, Fig. S3 A and B).

Expression of Ndp and Fzd4 in the Embryonic and Newborn Cochlea.
To further probe the cause of the hearing loss and HC abnor-
malities in the KO mice, we assessed expression of Ndp and its
receptor at earlier time points in cochlear development and
maturation. At E14, Ndp was expressed throughout the cochlear
duct, including the prosensory epithelium (Sox2-positive cells; ST
Appendix, Fig. S44). At E18, when the HCs are fully formed,
expression of Ndp was observed in the greater epithelial ridge
but not in supporting cells or HCs (SI Appendix, Fig. S4 B and
D). Ndp was also expressed in the outer sulcus but not in the
lateral wall at this stage. After birth (P3), Ndp was still expressed
strongly in the greater epithelial ridge but not in supporting cells
or HCs (SI Appendix, Fig. S4 C and E). The stria vascularis,
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comprising marginal cells, intermediate cells, and basal cells,
expressed Ndp only in basal cells at P3.

We investigated the expression site of Fzd4 mRNA in the
developing cochlea by RNAscope in situ hybridization. At E18,
Fzd4 mRNA was weakly expressed in HCs and supporting cells,
including inner border, pillar, Deiters’, and Hensen’s cells (S/
Appendix, Fig. S54). In addition to these cells, Fzd4 mRNA was
expressed in endothelial cells under the organ of Corti. Fzd4
expression in HCs, supporting cells, and endothelial cells in-
creased after birth (P3; SI Appendix, Fig. S5B).

In the lateral wall, Fzd4 mRNA was expressed in endothelial
cells in the stria vascularis at P3 (SI Appendix, Fig. S5C). In situ
staining was compared to a negative control (SI Appendix, Fig.
S5D). As Ndp was expressed in the greater epithelial ridge (from
E18), supporting cells (from P28), basal cells (from P3), and the
spiral ligament (from P28), we hypothesized that Ndp secreted
from the greater epithelial ridge activated Fzd4 on HCs, and
Ndp produced from basal cells stimulated Fzd4 on endothelial
cells of the stria vascularis during development.

Altered Distribution of Myo7a HCs in the Base of the Ndp KO Cochlea
at P3. In cryosections of the cochlea from heterozygous and KO
mice at P3, no obvious phenotype was observed in endothelial
cells in the stria vascularis or under the organ of Corti (Fig. 3 4
and B and SI Appendix, Fig. S6A4). In the KO cochlea, instead of
the Sox2-positive supporting cells and Myo7a-positive HCs of the
WT mouse cochlea (Fig. 3C), immunostaining revealed Myo7a-
negative OHC:s in the base in surface view and in computational
sections (Fig. 3E). Both supporting cells and HCs were intact in
the apex in the WT, heterozygous, and KO ears (Fig. 3 D and F
and SI Appendix, Fig. S6C). Myo7a-negative OHCs were also
found in the basal region of the heterozygous cochlea (SI Ap-
pendix, Fig. S6B). To rule out a change in the protein that made it
unreactive to the rabbit Myo7a antibody, we compared staining
with a mouse Myo7a antibody (SI Appendix, Fig. S7). The signal
from the rabbit Myo7a antibody overlapped with the signal
from the mouse Myo7a antibody, confirming the presence of
HCs with altered or absent Myo7a expression in the cochlea
from heterozygous and KO mice. To assess the function of
Myo7a-negative HCs in the cochlea from the KO mouse, we
treated sensory epithelia with fixable FM1-43 and stained with
Myo7a. FM1-43 enters cells through active HC transduction
channels (19). FM1-43 uptake by both Myo7a-negative and
-positive OHCs was found in the KO cochlea at similar levels to
the normal cochlea (SI Appendix, Fig. S8 A and B). The normal
FM1-43 uptake, along with normal DPOAE thresholds and a
mild ABR threshold elevation at 1 mo in KO mice, suggests
that HCs retain their mechanosensitive function during the
early postnatal period.

Expression of Prestin and Espin Is Maintained in HCs of Ndp KO Mice.
We tested whether other representative HC markers such as
prestin and espin were affected in the Ndp KO mouse cochlea.
Female heterozygous, female KO, and male KO mice at P3 had
normal prestin expression in OHCs (SI Appendix, Fig. S9 A-D).
At 2 mo, WT mice presented normal Myo7a and prestin ex-
pression in OHCs (SI Appendix, Fig. S10 A and C). OHCs in the
KO cochlea, which were negative for Myo7a in the nuclear layer,
expressed prestin (SI Appendix, Fig. S10 B and D). Espin ex-
pression was also intact in HCs of WT, female heterozygous,
female KO, and male KO mice at P3 (SI Appendix, Fig.
S11 A-D), and its expression was confirmed by XZ-plane images
(SI Appendix, Fig. S11 E-H). Espin expression was maintained in
HCs of both the base and apex in KO ears throughout the
postnatal and adult stages (SI Appendix, Fig. S12 A-F).

To assess the stereocilia bundle morphology, the Ndp KO
cochlear samples were observed by scanning electron microscopy

PNAS | 3of 12
https://doi.org/10.1073/pnas.2106369118

NEUROSCIENCE


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106369118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106369118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106369118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106369118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106369118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106369118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106369118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106369118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106369118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106369118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106369118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106369118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106369118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106369118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106369118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106369118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106369118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106369118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106369118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106369118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106369118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106369118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106369118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106369118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106369118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106369118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106369118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106369118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106369118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106369118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106369118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106369118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106369118/-/DCSupplemental
https://doi.org/10.1073/pnas.2106369118

GER (pup)

H
OHC
1Su (adult) \ HeC

cic

[‘H

)

)
SRS

el

- HC layer

\- SC layer

IBC

(SEM). No major stereocilia bundle abnormalities in HC bundles
were seen in the KO cochlear preparations examined up to 8 wk of
age. At these time points, Myo7a abnormalities were already long
present in a large number of HCs (SI Appendix, Fig. S12G).

Ndp/Fzd4 Signaling Regulates Transcription of Pou4f3 and Gfi1 in HCs.
We next assessed the expression of a selected group of stereo-
ciliary bundle genes and genes of HC development. We sorted
HCs from the WT, heterozygous, and KO cochlea at P4-6 from
Ndp KO mice crossed with AtohI-GFP mice and extracted RNA
for qRT-PCR. Myo7a transcripts were decreased in HCs from
the KO cochlea but not the heterozygous cochlea in comparison
to the WT cochlea (Fig. 44). Transcripts of Slc26a5 (gene for
prestin) and Espn in HCs were unchanged in the KO (Fig. 4 B
and C). Mutations in Myo7a (Ushlb) cause type-I Usher syn-
drome (20). Ushlc and Ushlg also contribute to type-I Usher
syndrome; recent work showed that Myo7a, Ushlc, and Ushlg
form a tripartite complex at upper tip links and that each protein
interacts with the others independently (21). Therefore, we also
measured mRNA expression levels of Ushlc and Ushlg, but
transcripts of these genes were not affected in HCs from the KO
cochlea (Fig. 4 D and E).

We tested the expression of genes involved in the signaling
cascade of Ndp/Fzd4 in HCs. We had previously shown that
B-catenin up-regulated Atohl expression (22), and Ndp/Fzd4
signaling stabilizes B-catenin (11), but Afohl mRNA in the Ndp
KO cochlea was not changed (Fig. 4F). As the HCs degenerated
gradually after birth, we assessed the expression of Pou4f3 and
Gfil, genes involved in HC maturation and maintenance (23).
Transcripts of Pou4f3 and Gfil were significantly down-regulated
in HCs from the KO cochlea as compared to HCs from the WT
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Fig. 2. Expression pattern of Ndp and Fzd4 mRNA
in the cochlea at P28. (A) Ndp expression was ob-
served widely under the IHCs and OHCs, in the inner
sulcus (ISu), outer sulcus (OSu), and spiral ligament
(SL) in a cryosection view of the cochlea (Left). High-
power view of the organ of Corti (Middle) shows
staining of Ndp in supporting cells (SCs), including DCs,
HeGs, and CICs. Cd31(arrowheads) is expressed in en-
dothelial cells lining the capillaries under the organ of
Corti. High-power view of the lateral wall (Right)
shows Ndp expression in the SL and Cd31-positive en-
dothelial cells (arrows) in the vessels of the stria vas-
cularis (SV). (B) Diagram of the organ of Corti with the
confocal planes of the SC and HC layers indicated by
dashed lines. The SC layer shows Ndp expression in the
inner sulcus (ISu), DCs, and HeGs, and the HC layer
shows Ndp expression in the inner sulcus (ISu) and CICs.
(C) In situ hybridization showed Fzd4 mRNA expres-
sion in HGs, IBCs, DCs, HeCs, CICs, and endothelial cells
under the organ of Corti (arrowhead). Fzd4 mRNA and
DAPI are shown alone (Upper) and merged with Myo7a
and Cd31 (Lower). (D) Fzd4 mRNA was expressed in
endothelial cells of the SV and SL. Arrowheads and
arrows indicate Cd31-positive endothelial cells in the
SV and the spiral ligament (SL), respectively. Fzd4
mRNA and DAPI alone (Left) and merged with Cd31
(Right). (Scale bars, 50 um.)

and heterozygous cochlea (Fig. 4 G and H). We concluded that
an Ndp/Fzd4/Myo7a, Pou4f3, and Gfil signaling cascade was
critical for the full maturation and function of HCs beyond early
postnatal age.

Poudf3 in Ndp KO Mice. We then assessed how the Pou4f3 protein
expression pattern changed in the Ndp KO cochlea during
maturation. At P3, all OHCs and ITHCs were positive for Pou4f3
in both the base and apex of the WT cochlea (Fig. 54 and SI
Appendix, Fig. S134); however, while all HCs were positive for
Pou4f3 in the apex of the Ndp KO cochlea, Pou4f3-negative
OHCs and IHCs were observed in the base (Fig. 5B and SI Ap-
pendix, Fig. S13B). At 2 mo, all OHCs and IHCs remained positive
for Pou4f3 in the WT cochlea (Fig. 5 C and D and SI Appendix,
Fig. S13 C and D), whereas all HCs lost Pou4f3 expression in the
KO cochlea (Fig. 5 E and F and SI Appendix, Fig. S13 E and F).
We conclude that by 2 mo, the HCs lose Pou4f3 and Myo7a ex-
pression without loss of prestin or espin (see diagrams in Fig. 5G).

Ndp Regulates the Wnt Pathway, Nuclear Hormone Receptor Nrda3,
and Histone Methyltransferase Setd?. To further probe which genes
were fluctuating in the Ndp downstream signaling pathway, we
harvested AtohI-GFP (+) cells from the P4-6 Ndp WT and KO
cochlea, respectively, to analyze genome-wide changes in tran-
scripts by RNA sequencing (RNA-Seq). We focused on a gene
set with adjusted P < 0.05 (Fig. 64). Fig. 6B shows each gene in
this set in Venn diagrams according to its function. HCs in the
Ndp KO cochlea are characterized by the down-regulation of
three genes that regulate transcription, Nr4a3, Setd7, and Pdzd2.
Nr4a3 is a member of the nuclear hormone receptor (NHR)
superfamily that regulates development, growth, metabolism,
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Fig. 3. Myo7a-negative HCs in the Ndp KO cochlea. (A and B) Cd31
immunostaining (red) indicates the locations of capillaries in the organ of
Corti (arrowheads) and lateral wall in cryosections (Left) from the WT (A)
and KO (B) cochlea at P3. Arrowheads indicate endothelial cells in a high-
power view (Middle) of the organ of Corti. Arrows indicate endothelial cells
in a high-power view (Right) of the stria vascularis (SV). There were no ob-
vious changes in endothelial cell morphology. (C and D) A WT cochlear
sensory epithelium had Sox2-positive (red) supporting cells (Left, SC layer)
and Myo7a-positive (green) HCs (Middle, HC layer) in surface views and
computational sections (Right) at the base (C) and apex (D) of the cochlea. (E
and F) An Ndp KO cochlear sensory epithelium had normal supporting cells
(Left, SC layer), but both surface views (Middle) and computational sections
(Right) showed Myo7a-negative HCs (arrowheads) at the base of the co-
chlea. (Scale bars, 50 pm.)

and maintenance (24). This superfamily is expressed in the co-
chlea. Expression of Nr4a3 and Nr4al (also a member of the
NHR superfamily) was increased after noise exposure (25).
Nr2f2 transcription is regulated by Pou4f3 in HCs (26). Nr4a3
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binds hormone response elements at AAAGGTCA sequences
located near promoter regions to facilitate gene expression (24).
Nr4al binds the same sequence and regulates Myo7a transcrip-
tion based on the chromatin immunoprecipitation (ChIP)-Atlas
(27), suggesting that down-regulated Nr4a3 could cause Myo7a
deficiency in HCs. Setd7 is a monomethyltransferase for histone
3 (H3) lysine 4 residue (H3K4mel) (28). Setd7 binds to pro-
moters and installs the H3K4me1 mark to regulate transcription
(29) as well as on nonhistone proteins such as p53, Sox2, and
Lin28a (30-32). Previous papers indicate the significance of this
epigenetic modification on development, pathogenesis, protec-
tion, and regeneration in the cochlea (33-35). Rrbpl, of which
knockdown causes ER stress, leading to reduction of cell viability
(36), was down-regulated by Ndp deficiency. ER stress triggers
OHC death and sensorineural hearing loss (37). On the other hand,
inhibition of ER stress attenuates HC loss (38). We presumed
down-regulation of Rrbp1 to cause HC loss shown in the Ndp KO
cochlea. Interestingly, Wdr93 and Ilirapll, which are known to
cause autism spectrum disorder and intellectual disability, re-
spectively (39, 40), disorders also observed in Norrie disease (14),
were found in the gene set.

Ndp is an atypical Wnt that regulates downstream gene ex-
pression through p-catenin/Tcf/Lef. We asked whether Ndp sig-
naling altered downstream gene expression in common with Wnt
signaling. In the gene set, Adcyaplrl, Sla, Cntnap4, Entpd3, and
Map3k8 are regarded as Wnt related (15, 41-44). Besides these
genes, Nr4a3, Setd7, Edil3, Adam19 (cochlear development), and
Vavl (cytoskeleton) are also Wnt related (45-48).

Gene Ontology (GO) analysis using database for annotation,
visualization and integrated discovery (DAVID; https://david.
ncifcrf.gov) detected two terms related to Wnt, Wnt signaling
pathway (P = 0.025, SI Appendix, Fig. S144), and negative reg-
ulation of Wnt signaling pathway (P = 0.035, SI Appendix, Fig.
S14B). Among the gene set of the Wnt signaling pathway, we
found that Tcf7l1 and Tcf712 were down-regulated in Ndp KO
mice, which implies that Ndp controls Wnt/p-catenin signaling
cascade by up-regulation of Tcfs. Similar examples include VBP1
which regulates Wnt/B-catenin through stabilization of Tcf/Lef
(49). On the other hand, Wifl was up-regulated in Ndp KO mice
in the list of negative regulation of Wnt signaling pathway. Wifl
binds to Wnt proteins, leading to inhibition of their activities
(50). These observations suggest that Ndp positively affects Wnt
signaling while also activating modulators of the pathway. Thus,
the biological processes regulated by Ndp, such as regulating
transcription, angiogenesis, and cochlea development, are exe-
cuted in correlation with the Wnt signaling pathway.

GO Enrichment Analysis Identifies Gene Sets Correlated with HC
Development and Function. We performed GO enrichment anal-
ysis from the RNA-Seq data using gene set enrichment analysis
(https://www.gsea-msigdb.org/gsea/index.jsp) (51, 52). GO terms
for genes significantly down-regulated by Ndp deficiency corre-
lated with HC development and function (SI Appendix, Fig.
S154), axonemal dynein complex assembly (SI Appendix, Fig.
S15B), retinoic acid metabolic process (SI Appendix, Fig. S15C),
and regulation of activin receptor signaling pathway (SI Appen-
dix, Fig. S15D). The axonemal dynein complex is associated with
microtubules in eukaryotic cilia and flagella. Teks2 which con-
tributes to the enrichment is related to microtubule-based kino-
cilium in HCs (53). Dnaaf2 and Dnah5 are HC-specific proteins in
the inner ear (54). Moreover, retinoic acid signaling controls the
height and number of stereocilia in HC bundles (55).

We also focused on the activin receptor signaling pathway,
which is linked to the Wnt pathway. Indeed, among the genes in
the list that contribute to the enrichment, Dact2, Smad7, Cerl,
Fstl3, Fgf9, and Fst are Wnt-related genes (56-61), and Acvr2b,
Fgf9, and Fst function during cochlear development (62-64)
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(Fgf9 and Fst are overlapping). The translational initiation gene
set suggests an effect of Ndp downstream genes in the regulation
of protein translation (SI Appendix, Fig. S15E).

Forced Expression of Ndp in Sox2-Positive Supporting Cells in Ndp KO
Mice Rescues Myo7a Expression, HC Survival, and Cochlear Function.
The significant degeneration of HCs starting in the early post-
natal cochlea and the lack of apparent phenotype in endothelial
cells lining the vasculature at that time suggested that the co-
chlear Ndp KO phenotype could be direct rather than secondary
to vascular deficiency. In addition, our immunostaining and
in situ hybridization studies suggested a ligand-receptor inter-
action between Ndp from supporting cells and the greater epi-
thelial ridge/inner sulcus and Fzd4 in HCs. We set out to test
both hypotheses by a protein replacement strategy.

To accomplish these objectives, we crossed Z/Norrin mice,
where a floxed Ndp cassette is inserted to the Ubiquitin-b locus
(11) with Sox2-CreER;tdTomato (Tm) mice and Ndp KO mice to
force Sox2-positive supporting cells and the greater epithelial
ridge/inner sulcus to express both Ndp and Tm in Ndp KO mice.
Because supporting cells and the greater epithelial ridge/inner
sulcus are the main site of Ndp expression in the organ of Corti
(Fig. 2 and SI Appendix, Fig. S4), we overexpressed Ndp in
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supporting cells and the greater epithelial ridge/inner sulcus,
which are the only Sox2-expressing cells in the organ of Corti.
We confirmed 7m expression in the Sox2-positive cells in Ndp
KO (X7Y),;Sox2-CreER; Tm mice (SI Appendix, Fig. S164) and
both Tm and Ndp expression in the Sox2-positive cells in Ndp KO
(X7Y);Sox2-CreER; Z/Nowin; Tm mice (SI Appendix, Fig. S16B)
following injection of tamoxifen at P3 and P4. The KO mice
showed no Ndp expression in the cochlear duct. Sox2-inducible
Tm expression was observed in supporting cells (pillar cells, Dei-
ters’ cells, Hensen’s cells, and Claudius’ cells), the inner sulcus,
and the outer sulcus. Sox2-induced Ndp expression was also de-
tected in these 7m-positive cells but not in the lateral wall.

We therefore initiated 7m expression in Ndp KO (X7Y);Sox2-
CreER;Tm and both Tm and Ndp expression in Ndp KO
(X7Y);Sox2-CreER; Z/Norrin; T mice to assess the effect of Ndp
secretion from cochlear supporting cells and the greater epi-
thelial ridge/inner sulcus in the Ndp KO phenotype (see diagram
showing this concept in Fig. 74). Assessment at 2 mo of Ndp KO
(X7Y);Sox2-CreER; Z/Norrin; Tm showed a statistically significant
difference in threshold of the ABR and DPOAE between the
KO and overexpression mice at 2 mo (Fig. 7 B and C). The Ndp
KO (X7Y);Sox2-CreER;Tm mice showed a more-severe thresh-
old shift at low frequencies than the male Ndp KO mice (Fig. 1B,
male 2 mo ABR). We assumed that crossing with other strains
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caused a more-severe threshold shift and measured ABR on Sox2-
CreER; Tm, Sox2-CreER;Z/Norrin;Tm, Z/Norrin; Tm, and Tm male
littermates at 2 mo (SI Appendix, Fig. S174). The Sox2-CreER;Tm
and Sox2-CreER;Z/Norrin;Tm mice exhibited threshold shifts at
low frequencies, while the others showed normal threshold at low
frequencies; we thus attributed the more-severe hearing loss to the
Sox2-CreER transgene. We did not obtain female KO mice from
the quadruple cross but did obtain female heterozygous pups, and
we measured ABR and DPOAE for Ndp (X*X");Tim, Ndp
(X*X7),Z/NorinyTm, Ndp (X*X);Sox2-CreER;Tm, and Ndp
(X*X");Sox2-CreER;Z/Norin;Tm ears at 2 mo. There was no
significant difference in threshold of ABR and DPOAE between
these two models (SI Appendix, Fig. S17B).

In the Ndp KO (X7Y);Sox2-CreER; Tm mice, OHCs and some
IHCs were negative for Myo7a with OHC death, while few
OHC:s were positive for Myo7a in the base (Fig. 7D). In the apex
of the cochlea, many IHCs were negative for Myo7a (Fig. 7E).
These phenotypes were confirmed in computational sections
(Fig. 7 D and E). In the Ndp KO (X™Y),;Sox2-CreER;Z/Norrin; Tm
ears, the number of surviving OHCs and the number of Myo7a-
positive OHCs were significantly increased in the base (Fig. 7 F, H,
and 7). In both the apex and base of the cochlea, the numbers of
Myo7a-positive IHCs were significantly increased (Fig. 7 G, J,
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Fig. 5. Pou4f3 expression is lost in HCs in Ndp KO
cochlea. (A and B) Pou4f3 expression was assessed by
immunohistochemistry in the WT and KO cochlea at
P3. HCs were positive for Pou4f3 in the base of the
WT cochlea (A). Pou4f3-negative HCs (arrowheads)
were observed in the base of the KO cochlea (B).
(C-F) Pou4f3 expression pattern was evaluated in
the WT and KO cochlea at 2 mo. Both IHC and OHC
nuclear layers of the base are shown. All IHCs and
OHGs in the base of the WT cochlea were positive for
Pou4f3 (C and D). Most of IHCs and OHCs in the base
of the KO cochlea showed weak or no expression of
Pou4f3 (E and F). (Scale bars in A-F, 50 pm.) (G) Di-
agram shows the progressive loss of Myo7a from the
cytoplasm and Pou4f3 from the nucleus during HC
maturation in the Ndp KO mouse cochlea. By 2 mo,
the KO mouse shows significant OHC loss. Expression
of espin (Espn) in the stereociliary bundles and
prestin (Pres) in the OHC membrane is maintained.

and K). In summary, forced expression of Ndp in Sox2-positive
supporting cells and the greater epithelial ridge/inner sulcus in
Ndp KO mice after birth promoted HC survival and retained
Myo7a expression in HCs, leading to threshold recovery in the
ABR and DPOAE. Despite the increased threshold shift in the
Sox2-CreER crosses, the thresholds were returned to normal
after rescue.

Stabilization of p-catenin in HCs Rescues Cochlear Function in Ndp KO
Mice. As already shown in the RNA-Seq data, Ndp/Fzd4/p-cat-
enin signaling pathway is likely concerned with HC maintenance
and maturation, we undertook a further set of experiments to
test the idea that Wnt signaling in HCs was the cause of the
hearing loss. To verify this, we used f-catenin 9"+ mice.
Exon 3 of p-catenin encodes phosphorylation sites that target
GSK3 for degradation. Deletion of exon 3 is induced by Cre, and
we chose to activate the transgene using AtohI-Cre, which targets
the deletion to HCs in the cochlea. By crossing the Exon3 mice
with AtohI-Cre mice, phosphorylation by GSK3 is inhibited in
HCs, leading to stabilization of p-catenin. As Atohl-Cre is not
inducible, the stabilization of p-catenin begins when Afohl expression
is initiated in HCs at E12.5 (65), which is at a different point from
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the Z/Norrin strain, where we initiated Ndp expression at P3
and P4 by injection of tamoxifen. We then evaluated the Ndp
KO (X7Y);AtohI-Cre;Exon3 mice physiologically and histologically.

The Ndp KO (X7Y);Atohl1-Cre;Exon3 mice exhibited signifi-
cantly lower ABR and DPOAE thresholds at 2 mo of age as
compared to the Ndp KO (X7Y);Exon3 mice (Fig. 8 A and B),
indicating that onset or progression of sensorineural hearing loss
could be inhibited by the stabilization of p-catenin in Norrie
disease. The Ndp KO (X7Y);Atohl-Cre;Exon3 mice also had
significantly higher numbers of surviving and Myo7a-positive
OHCs than the Ndp KO (X7Y),Exon3 mice (Fig. 8 C-F).
These results show that p-catenin, when provided at sufficient
levels, stimulates pathways that normalize Myo7a expression and
HC activity that in the absence of the Ndp/Fzd4 pathway would
be diminished, resulting in hearing loss.

Discussion

Norrie disease is caused by mutations in the NDP gene. We show
here that an Ndp KO mouse had functional abnormalities in
cochlear HCs. The dysfunctional HCs showed decreased Whnt-related
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Whnt signaling.

signaling and loss of nuclear Pou4f3 protein. Many of the ab-
normal HCs died between birth and the age of 2 mo, and their
death and dysfunction correlated to progressive deafness. We
further showed that the HC phenotype could be rescued by Ndp
replacement by overexpression in supporting cells and cells of
the greater epithelial ridge/inner sulcus or by stabilization of
B-catenin in HCs of the Ndp KO mouse. The rescue by Ndp
secretion from supporting cells and the greater epithelial ridge/
inner sulcus, activating p-catenin in HCs by binding to the Fzd4
receptor, was consistent with the timing and location that we
found for Fzd4 and Ndp expression in the developing and neo-
natal cochlea. Like the requirement of Ndp from supporting
cells, Ndp was secreted by Miiller glia during retinal development
and bound to Fzd4 on retinal neurons (66). We conclude that
Ndp secreted from supporting cells and the greater epithelial
ridge/inner sulcus orchestrates a transcription factor network
required for the maintenance and survival of HCs and that the
functional requirement of Ndp in the cochlea can be replaced
by increasing the level of B-catenin, the intracellular effector of
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(ISu) in the Ndp KO (X7Y),Sox2-CreER;Z/Norrin;tdTomato
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compared to Ndp KO (X7Y);Sox2-CreER;Tm (n = 7)
and other controls (Ndp KO (X~Y),;Z/Norrin,Tm (n =
2) and Ndp KO (X7Y),Tm (n = 2); P < 0.0001, ANOVA).
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Wnt signaling. Our data do not rule out the possibility that
Ndp secreted from supporting cells indirectly rescued HCs by
an effect on vascular function, but the rescue resulting from
stabilization of p-catenin in HCs supports a direct effect on HC
development.

Myo7a was prominently decreased in the cochlear HCs and
resulted in a phenotype similar to that of Usher syndrome type
1B, a deaf-blindness syndrome, and nonsyndromlc deafness,
DFNB2 and DFNA11 (67-70). Myo7a mutant mice, Myo7a®1%8
and Myo7a® (shaker-1), show severely disorganized bundles of
HCs, whereas the original shaker-I mutant, Myo7a*"!, shows
normal early development of stereocilia bundles with abnormal
cochlear responses, which indicates that Myo7a is required
for normal stereocilia bundle organization and HC function
(71). Our SEM data show HC death but almost no abnormal
stereocilia bundles.

Intriguingly, not only Myo7a but also other HC markers, such
as Pou4f3 and Gfil, were down-regulated in HCs of the Ndp KO
cochlea. Atohl is capable of reprogramming supporting cells to
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I Ndp KO (X°Y);Sox2-CreER; ZWNorrin; Tm

Post hoc tests using Fisher's least significant differ-
ence (LSD) method revealed significant differences
at all frequencies except 45.25 kHz. (C) DPOAE
thresholds in Ndp KO (X7Y),;Sox2-CreER;Z/Norrin,Tm
mice at 2 mo had recovered compared to the Ndp KO
(X7Y),Sox2-CreER;Tm and other controls (Ndp KO
(X7Y),ZINorrin;Tm and Ndp KO (X~Y), Tm; P < 0.0001,
ANOVA). Post hoc tests using Fisher's LSD method
revealed significant differences at 11.33, 16.00, 22.65,
and 32.00 kHz. (B and C) Error bars represent SEs.
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by
Fisher's LSD method. (D) Most OHCs and some IHCs
(arrowheads) were negative for Myo7a in the base
of the cochlea of Ndp KO (X7Y),;Sox2-CreER;Tm mice
(arrows indicate Myo7a-positive OHCs). Myo7a-
negative OHCs are also seen (*) in computational
sections (Right). (E) All but a few (.) IHCs were
negative for Myo7a in the apex (arrowheads) as
confirmed in computational sections (Right). (F) After
forced expression of Ndp in Sox2-positive supporting
cells and the greater epithelial ridge (GER)/inner sulcus
(ISu) of the Ndp KO (X7Y);Sox2-CreER;Z/Norrin,Tm
cochlea, many OHCs survived and retained Myo7a
expression (arrows). Computational sections (Right)
exhibited OHCs negative (*) and positive (arrows) for
Myo7a. (G) IHCs expressing Myo7a were observed in
the apex of the cochlea. (Scale bars in D-G, 50 um.) (H
and /) A significant decrease in the number of OHCs (H)
and Myo7a-positive OHCs (/) at the base of the cochlea
in the Ndp KO (X7Y),Sox2-CreER;Tm (n = 3) was re-
stored in the Ndp KO (X7Y);Sox2-CreER;Z/Norrin,Tm
(n = 3) cochlea. (J and K) No loss of IHCs (J) was ob-
served in the Ndp KO (X7Y),Sox2-CreER;Tm cochlea,
but a significant decrease in Myo7a-positive IHCs (K)
in the base and apex of the cochlea in the Ndp KO
(X7Y),Sox2-CreER;Tm (n = 3) was restored in the Ndp
KO (X7Y);Sox2-CreER;Z/Norrin;,Tm cochlea (n = 3).
(H-K) Error bars represent SEs. *P < 0.05, **P < 0.01
by Student’s t test.

Myo7a-positive IHCs
(2 months)
*

i I i
base apex

HGCs in the early postnatal period (72-76) and is a key gene for
HC differentiation and development in the cochlea, acting to up-
regulate other genes needed for subsequent steps in differenti-
ation (73, 75, 77-79). Previous work showed that Pou4f3 was
regulated by Atoh1 (80). Gfil and Pou4f3 are known components
of Atohl downstream signaling and have a role in HC maturation
and survival (72, 73, 81, 82). Myo7a expression is initiated in
THCs and the first row of OHCs in the base of the cochlea be-
tween E14.5 and E15.5, following onset of Atohl expression
between E13.5 and E14.5. By E17 and E18, HCs along the entire
length of the epithelium express Myo7a (83).

Given that most HCs express Myo7a at P3 and Afohl is normal
at P4-6 in the Ndp KO mice, we presume that the abnormal
expression of Pou4f3 and Gfil and the attendant alterations in
the distribution (expressed in the cuticular plate but missing in
the HC body) of Myo7a in the Ndp KO mouse cause aberrant
HC function, leading to HC death without obvious abnormalities
in stereocilia bundles. Afohl expression in HCs is extinguished by
P7 (84); maintenance of Pou4f3 expression could subsequently
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rely upon the transcription factor network downstream of Ndp.
This could explain the loss of Myo7a and subsequent loss of HCs
that begins in the early postnatal stage and continues into
adulthood in the Ndp KO mice.

Poudf3, the gene responsible for DFNA1S (85) is a class-IV
POU-domain transcription factor (72). Pou4f3 mutant mice ex-
hibit profound sensorineural deafness, with IHC and OHC loss
(86). Our immunohistochemistry experiments showed that the
number of Pou4f3-negative HCs increased during the maturation
of the Ndp KO mice. The Gfil gene encodes a zinc finger
transcription factor and cellular protooncogene that promotes
proliferation and prevents cell death (87). Pou4f3~'~ and Gfil '~
mice had immature IHCs and abnormal OHCs (81). Gfil was
downstream of Pou4f3 in OHC but not IHC survival. This could
explain why OHCs but not IHCs died in the Ndp KO. We
therefore concluded that Pou4f3/Gfil signaling was key to the
HC maturation and survival pathways affected by the absence of
Ndp. Gene expression studies on the mutant cochlea showed that
the canonical Wnt pathway mediated by B-catenin was central to
Ndp/Fzd4 effects in the cochlea. Indeed, our RNA-Seq data
identified an influence of Ndp KO on Wnt-related genes and
gene sets. Changes in expression of Wnt downstream genes re-
lated to Norrie disease included Nr4a3 and Setd7 (transcription
and epigenetic factors), Edil3 (angiogenesis), and Adam19 (co-
chlear development) and further demonstrate that Ndp and Wnt
act on a common set of genes. Decreased Pou4f3 expression is
likely to be caused by decreased Atohl, although a binding site for
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Myo7a-positive OHC numbers
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Fig. 8. Stabilization of p-catenin in HCs rescues co-
chlear function in Ndp KO mice. (A and B) Ndp KO
mice in which p-catenin was overexpressed in HCs by
deletion of exon 3 of p-catenin using an Atoh1-Cre
(Ndp KO (X7Y);Atoh1-Cre;p-cateninoxEond+. n — 5)
showed significantly lower ABR (A) and DPOAE (B)
thresholds (P < 0.0001, ANOVA) than control mice
lacking Atoh1-Cre (Ndp KO (XY);p-catenin’xExon3k
n = 7). The line with stabilized p-catenin is referred to
as Ndp KO (X7Y);Atoh1-Cre;Exon3 and the control is
referred to as Ndp KO (X7Y),Exon3. Post hoc tests
using Fisher’s least significant difference (LSD)
method revealed significant difference at 5.66, 8.00,
11.33, 16.00, and 22.65 kHz in the ABR and 11.33,
16.00, 22.65, and 32.00 kHz in the DPOAE. (C) Ndp
KO (X7Y);Exon3 mice showed loss of OHCs and loss
of Myo7a in surviving OHCs (*) in the base of the
cochlea. IHCs were positive for Myo7a. (D) Ndp KO
(X7Y),Atoh1-Cre;Exon3 mice exhibited continued
Myo7a immunoreactivity in OHCs (arrows) at the
base of the cochlea. (Scale bars in C and D, 50 pm.)
(E and F) The Ndp KO (X7Y);Atoh1-Cre;Exon3 mice
(n = 4) showed significantly more surviving (E) and
Myo7a-positive (F) OHCs than the Ndp KO (XY);Exon3
mice (n = 5; Student’s t test). (A, B, E, and F) Error bars
represent SEs. *P < 0.05, **P < 0.01, ***P < 0.001, and
**%%P < 0.0001 by Fisher's LSD method or Student’s
t test.

Tcf7 in the Pou4f3 locus (ChIP-Atlas; http://dbarchive.biosciencedbc.
jp/kyushu-u/mm10/target/Tcf7.10.html) indicates a potential effect of
p-catenin. Direct control of Pou4f3 by canonical Wnt signaling
is further supported by the rescue of the phenotype by p-catenin
stabilization.

Although we did not see an effect on the cochlear vasculature
in the early postnatal period, loss of Ndp secretion from basal
cells in the stria vascularis and later from cells of the spiral lig-
ament disrupted endothelial cell function, as seen by spiral lig-
ament degeneration at the age of 6 mo. Given the previous
reports that Ndp plays a role in the proliferation, growth, and
regrowth of endothelial cells in the retina (88-90), we conclude
that Ndp has the same role in the cochlear lateral wall. From our
morphological examination, it appeared that the vasculature
changes in the Ndp KO occurred subsequent to the degeneration
of HCs, in agreement with previous work, in which Ndp or Fzd4
mutant mice exhibited pathology in the lateral wall at 3 to 4 mo
(12, 13). The abnormality in HCs appeared earlier than previ-
ously considered: Myo7a-negative HCs appeared in the base
of the Ndp KO cochlea during early postnatal life. During mat-
uration, Myo7a-negative HCs spread apically, and HCs in the
base were lost, coinciding with the loss of Pou4f3 expression in
HCs. The onset of HC deterioration was not determined, and
differences in time course could be dependent on mouse back-
ground strain; in each case, however, severe HC loss was ap-
parent at late time points (12, 13).
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Ndp is required for HC development even though Ndp activity
is redundant with Wnts. This is not surprising given the known
redundancy of Wnt proteins (9, 91-93) and is likely explained by
distinct actions of its receptor, Fzd4. Rescue of cochlear function
by stabilization of p-catenin in HCs proves that the Ndp/Fzd4
signal can be restored by canonical Wnt signaling. The likely
mechanism of Ndp is through f-catenin activation of Tcf/Lef. We
showed previously that Tcf/Lef can be activated in postnatal HCs
(15). We also showed previously that the differentiation of HCs
from supporting cells in the postnatal cochlea (16, 94) and in
organoids derived from the cochlear sensory epithelium (95, 96)
is driven by Wnt through up-regulation of Afohl (22). The re-
placement of Ndp activity by Wnt signaling restores the expres-
sion of Myo7a and the survival of HCs. Ndp signaling is not
required for the differentiation of HCs but rather for their full
maturation and function. Our experiments shed further light on
mechanisms of HC maturation shown previously to require Gfil
and Pou4f3 (73, 82).

These data point the way to a strategy for treatment of Norrie
disease. The average age of onset of hearing loss in Norrie
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disease is 12 y, consistent with our ABR data that showed
threshold elevation in KO mice at 1 mo. Visual loss at birth
prompts testing to diagnose the disease, and thus if a therapy for
hearing loss in Norrie disease were available, it should be pos-
sible to initiate treatment before the onset of hearing loss.
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