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Notch inhibition is known to generate supernumerary hair dis (HCs) at the expense
of supporting cells (SCs) in the mammalian inner ear. Howegeinhibition of Notch
activity becomes progressively less effective at inducingC-to-HC conversion in the
postnatal cochlea and balance organs as the animal ages. Itds been suggested that
the SC-to-HC conversion capacity is inversely correlated ith E-cadherin accumulation
in postnatal mammalian utricles. However, whether E-cadhén localization is linked to
the SC-to-HC conversion capacity in the mammalian inner eais poorly understood.
In the present study, we treated cochleae from postnatal dayO (PO) with the
Notch signaling inhibitor DAPT and observed apparent SC-t¢1C conversion along
with E-cadherin/p120ctn disruption in the sensory regionIn addition, the SC-to-HC
conversion capacity and E-cadherin/p120ctn disorganizabn were robust in the apex
but decreased toward the base. We further demonstrated thathe ability to regenerate
HCs and the disruption of E-cadherin/p120ctn concomitanty decreased with age and
ceased at P7, even after extended DAPT treatments. This timg is consistent with
E-cadherin/p120ctn accumulation in the postnatal cochlea. These results suggest
that the decreasing capacity of SCs to transdifferentiatento HCs correlates with
E-cadherin/p120ctn localization in the postnatal cochlea, which might account for the
absence of SC-to-HC conversion in the mammalian cochlea.

Keywords: cochlea, supporting cells, hair cells, SC-to-HC conversion, DAPT, E-cadherin/p120ctn complexes

INTRODUCTION

Sensory hair cells (HCs) within the inner ear play a key roleanverting mechanical stimuli to
neuronal signals, which is important for both auditory andstibular functions. HC loss caused
by noise exposure, infection, toxicity, or aging in mammalsresversible due to lack of ability to
produce new HCsKorge et al., 1993; Warchol et al., 1993; Kelley et al., ¥@88amoto et al.,
2009. Recent studies have shown that the mice neonatal inner €artave limited ability to
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regenerate HC<{haietal., 2012; Jan et al., 2013; Cox et al., 2012010 and is widely expressed in the sensory epithelium of the
Wang et al., 2015; Chen et al., 2017; Lu et al., pdiowever cochleaChacon-Heszele etal., 2012
the adult mice cochlea loss this ability. In contrast, in tes To determine whether E-cadherin/p120ctn localization
of some lower vertebrates, such as sharks, bony sh, zelira sis correlated with the SC-to-HC conversion in postnatal
amphibians, reptiles, and birds, supporting cells (SCs) cam givmammalian cochleae, we generated supernumerary HCs in
rise to regenerated HCs throughout life to rapidly restonessey  cultured postnatal mice cochleae at dierent ages by DAPT
function (Corwin and Cotanche, 1988; Ryals and Rubel, 1988; Heeatment. We observed an apparent increase in HC numbers
etal., 2015, 20)7 and a signi cant decrease in SC numbers along with disruption
The underlying reason why mammalian SCs cannobf E-cadherin/p120ctn localization in the sensory region
regenerate HCs has been studied for many years by invastigat following DAPT treatment. We further demonstrated that
the dierences between the epithelia of the inner ear inthe SC-to-HC conversion capacity and E-cadherin/p120ctn
mammals and non-mammalsH@ckett et al., 2002; Davies disruption decreased with age, consistent with the pattern
et al.,, 2007; Meyers and Corwin, 2007; Burns et al., 2008bserved for E-cadherin/p120ctn accumulation in the posthata
2013; Lu and Corwin, 2008; Collado et al., 2011a,b; Burns ambchleae. Moreover, SC-to-HC di erentiation competency and
Corwin, 2013, 2014; Cheng et al., 2017; Zhang et al.,)201E-cadherin/p120ctn disruption displayed regional speci city:
It has been demonstrated that F-actin bands and E-cadheritnese e ects were robustly observed in the cochlea apex and
at apical SC-SC junctions in sh, amphibians, chickens andimited in the base. This study suggests that E-cadherir@pt®
birds remain thin throughout life, whereas their counterfgar localization in the postnatal cochleae plays an important role
grow much thicker in mice and humans as they maturein stabilizing SC/HC arrangements and limiting SC-to-HC
postnatally Burns et al., 2008, 2013; Burns and Corwin, 2014 conversion.
Intercellular junctions and their actin bands in the epitizel
of non-mammalian species play pivotal roles in regulatingf)ETHODS
growth and renewal such that cell death and extrusion are
matched by cell replacementingber, 2008; Miyoshi and Animals
Takai, 2008; Cavey and Lecuit, 2009; Meng and Takeichfhis study was performed in accordance with the
2009; Boggiano and Fehon, 2012; Guillot and Lecuit, R013¥ecommendations of the Institutional Animal Care and
Reinforcement of junctions in mammalian balance organd/se Committee of Fudan University. The protocol was approved
occurs contemporaneously with decreases in SC proliferatiopy the Institutional Animal Care and Use Committee of Fudan
and di erentiation (Davies et al., 2007; Meyers and Corwin,University and was in compliance with the NIH guidelines for
2007; Collado et al., 201)avhich play an important role in the care and use of laboratory animals. Postnatal day (P)0, P3,
restricting HC replacement in the mammalian vestibular syste and P7 C57BL/6 mice were purchased from Shanghai SLAC
(Burns et al., 2008, 2013; Collado et al., 2011b; Burns andi@or Laboratory Animal Co., Ltd. (Shanghai, China).
2019. .
Application of the g-secretase inhibitor DAPT, which is a Organotypic Culture of Neonatal Mouse
Notch signaling inhibitor, leads to HC regeneration thrdug Cochleae
both direct di erentiation and mitotic generation of SCs in Mice were euthanized by carbon dioxide asphyxiation and
the mammalian cochleaeX{ao et al., 2003; Collado et al., decapitated. Their heads were placed in 75% ethanol and guickl
2011b; Li et al., 2015, 2016; Maass et al., 2015; Wang et trtansferred to chilled Hanks' balanced salt solution (HBSS,
2015; Ni et al., 2016a,b; Waqas et al., 2)1kthibition of g-  HyClone, Logan, UT, USA). The temporal bones were dissected,
secretase activity becomes progressively less e ectivdwtimg ~ and the bullae were isolated from the temporal bone usinglsteri
SC-to-HC conversion in the postnatal cochlea and balancprocedures in ice-cold HBSS. The bone and spiral ligament were
organs as the animal ages4o et al., 2003; Collado et al., 201 1bgently removed with forceps.
Coxetal., 2014; Lietal., 2015; Maass et al., 2015; Ni2da6a,b; Cochlear basilar membrane explants were isolated, seeded
Wu et al., 201} Previous studies have demonstrated thaintact on glass coverslips coated with Poly-L-Lysine (P4832,
the DAPT-induced SC-to-HC phenotype conversion capacity iSigma-Aldrich, St. Louis, MO, USA) and maintained in four-
inversely correlated with E-cadherin accumulation in pegtd  well culture dishes (Greiner Bio-One, Frickenhausen, Gery)
mammalian utricles Collado et al., 201)b However, it is in Dulbecco's Modi ed Eagle's Medium/nutrient mixture F-12
unclear whether E-cadherin/p120ctn localization is catetl (DMEM/F12, Invitrogen, Waltham, MA, USA) containing 2%
with the SC-to-HC conversion capacity in postnatal mammaliarB27 supplement (Invitrogen, cat. no. 17504044) anangn|
cochleae. penicillin (Sigma-Aldrich, St. Louis, MO, USA). Awhole cochlear
E-cadherin and its associated cytoplasmic catenins amxplant is cut into four parts: apex, apex-middle, middle-basal
responsible for mediating cell-cell adhesiofit€inberg, 2007; and basal turnsKigure 2A).
Ishiyama et al., 2010; Van den Bossche et al.,)20i2ochlear
epithelia, E-cadherin expression s limited to cells in theeotic ~ DAPT and EdU Treatment of Cochleae
(OHC) region and the region lateral to OHC&fournay et al., Cultures
2010; Chacon-Heszele et al., 2012; Burns et al.,)2p120ctn  Explant cultures were treated with DAPT (EMD Millipore,
is critical for the surface stability of E-cadherirsifiyama et al., cat. no. 565784, Burlington, MA, USA). DAPT was initially
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dissolved in sterile dimethyl sulfoxide (DMSO, Sigma-Altjic for 30s at 94C, annealing for 30s at 5, and extension for

to a concentration of 10mM and stored at@. The 10-mM 30sat 72C and a nal extension for 5 min at 7Z. All real-time
stock solution was diluted with culture medium to the nal qRT-PCR reactions were performed in triplicate, and the redat
working concentration immediately before use. The cultire quanti cation of gene expression was analyzed using thé &7
cochleae were treated withn®1 DAPT for the entire culture method with the housekeeping gebeactin as the endogenous
period. Control cochleae were treated with 0.2% DMSO for theeference.

time indicated in the results. 5-EthynyP@eoxyuridine (EdU,

RiboBio, Guangzhou, China) to a nal concentration of i  Western Blotting

was added to the cultured media throughout the entire cudtur Proteins were extracted from ve pure sensory epithelia of apex
period to label proliferative cells. The tissues were incetbat and mid-apex cochlear explants that were isolated by removing
at 37 C in a humidi ed atmosphere of 95% air and 5% O the surrounding non-sensory epithelium. Western blottingsv
and the medium was changed daily throughout the culturegperformed as described previouslyu(and Corwin, 2008 The

period. following antibodies were used: mouse anti-E-cadherin (BD
Biosciences, 1:2,500 dilution), anti-P120-catenin (S&az,
Immunohistochemistry 1:500 dilution), and mouse anti-GAPDH (Beyotime, China,

Explant cultures were harvested and xed with 4%1:1,000 dilution). Proteins were detected using the Imagar@u
paraformaldehyde for 30min and then treated with 0.19d.AS 1040 detection system (GE Healthcare, Piscataway, NJ,
Triton X-100 plus 10% donkey serum for 1 h. The explants wer&JSA). The band intensity was measured and normalized against
then incubated with the following primary antibodies for 24h  the intensity of the GAPDH band measured from the same lane
4 C: rabbit anti-myosin7A (1:100; Proteus Biosciences, Re@mno using ImageJ.
CA, USA), mouse anti-myosin7A (1:200; Developmental L
Studies Hybridoma Bank, lowa City, IA, USA), rabbit anti- Image Acquisition and Cell Counts
Prox1 (1:1,000; Millipore), mouse anti E-cadherin (againsEluorescent images were acquired using a Leica SP8 confocal
the C-terminus, 1:200, BD Transduction Laboratories, Samicroscope. All of the images were digitally processed using
Jose, CA, USA), and goat anti-pl120-catenin (1:200; Sant@agel and Adobe Photoshop CS5. Images were acquired with
Cruz Biotechnology, Dallas, TX, USA). The explants wer@ pixel size of 0.035 0.035 0.30mm following Nyquist
washed three to ve times in PBS and incubated with secondargampling with no pixel saturation to ensure that no structural
antibodies overnight at £ in the dark. The secondary information was lost. All samples with E-cadherin/p120ctn
antibodies included donkey anti-mouse/rabbit/goat Alexastaining were imaged with the same confocal intensity.
Fluor 555 (1:1,000), donkey anti-mouse/rabbit Alexa Flag8 The cell counts from the confocal images were performed
(1:1,000) and/or donkey anti-mouse/rabbit ¢4) Alexa Fluor ~using Adobe Photoshop CS5. The total number of Myo7a
647 (1:1,000; Jackson ImmunoResearch, West Grove, PA, USH{:s and Prox§ SCs were quantied from two randomly
EdU staining was performed as described previouglyag selected 10@am regions per specimen along the length
et al., 201), and immuno uorescence staining was performedof the cochlea in the apical, mid-apical, mid-basal and
immediately following EdU staining. basal turns. Each group included at least three dierent
cochleae.
RNA Extraction and gRT-PCR ) ,
The RNA from two to three pure sensory epithelia of M€asurement of p120ctn Depletion Width
apex and mid-apex cochlear explants was puri ed from eactand Apical Junctional Regions (AJRS)
group using an RNeasy Plus Micro kit (Qiagen, cat. noThe p120ctn depletion width in the sensory region was measured
74034, Hilden, Germany) 48 h after DAPT/DMSO treatmentby the lateral-to-medial distance in the SC layer perpendicula
cDNA was synthesized using PrimerScript RT Master mixo the length of the cochlea. At least three random areas from
(RRO36A; Takara Bio, Inc., Otsu, Japan) according to ththe apex to the base were analyzed in each sample using ImageJ.
manufacturer's instructions. PCR primers were designedwitThe AJR width was measured as the perpendicular distance
Primer3 according to the gene sequences obtained from GdnBaacross the adherens junction and circumferential p120ctmvin
(http://www.ncbi.nlm.nih.gov/genbank/)b-Actin was used as adjacent cells that shared a junction, as described prelyious
an endogenous reference. The primer sequences were (@irns etal., 2008The widths of horizontal AJRs were measured
follows:b-actin, (F) tctttgcagctccttcgttg, (R) tcctictgacccattaze  along the length of the cochlea from three random regions per
Atohl, (F) tatctgctgcattctceega, (R) getgttccegtactggaddesl, specimen, and each group consisted of at least three di erent
(F) cgagcgtgttggggaaatac, (R) cgttgatctgggtcatgcag; KEs5 cochleae.
gaaacacagcaaagccttcg, (R) cgctggaagtggtaaagcag; fiiraq&jhe
gtgaagggacggtcaacaac, (R) acagtaggagcagcaggatc; and Btatistics
catenin, (F) tctactccctctgtggtcea, (R) gtcagcttctcaggetg Statistical analyses were conducted using Microsoft Excel,
Real-time gRT-PCR was performed in duplicate using &raphPad Prism 6.0, and SPSS software. A two-tailed, unpaired
PreMix SYBR Green kit (TaKaRa, cat. no. RR420A) on a 7500HStudent's-test was used to determine the statistical signi cance
Fast Real-Time PCR System (Applied Biosystems, Foster Cihgtween two groups, and one-way ANOVA and post-ANOVA
CA, USA). PCR cycling consisted of 35 cycles of denaturatioanalysis (LSD) were used to determine the statistical signice
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among three or more groups. All data are presented ab contrast, we did not observe any EdU incorporation (red)
the means standard errors. Signicance was de ned asin Myo7& HCs (green) within the control sensory epithelium

p< 0.05. (Figure 2D). Thus, Notch inhibition in the organ of Corti
resulted in direct SC-to-HC transdi erentiation or mitotic
HC generation Kiao et al., 2003; Li et al., 2015; Ni et al.,

RESULTS 2016ga,m which )|{<s primarily restricted to the outer hair cell

Junctional E-cadherin/p120ctn Complexes region.

in the Postnatal Mouse Cochleae Increase

during Maturation Notch Inhibition Disrupts

We rst examined the E-cadherin and p120ctn distribution in E-cadherin/p120ctn Localization in the

the postnatal cochleae from PO, P3, and P7 niiigures 1A-Q.  Quter Hair Cell Region of Neonatal
E-cadherin/ p120ctn were con ned to the intercellular juruis Cochleae

of the OHC region Elgures lA.l’Bl’CJ' Th? E-cadherin '||'o test whether E-cadherin/p120ctn complexes are involved
and p120ctn uorescence intensity markedly increased dt ce - R .
in SC-to-HC di erentiation in the mammalian cochleae, we

junctions during the week after birth Higures 1A—-Q. We . L .
. . . ._analyzed their cellular localization through immuno uoresce
measured the width of the AJRs in the apex region of mice "~ . . .
and imaged the cochleae using the same confocal intensities.

cochleae at PO, P3, and P7, as de ned by p120ctn staining. O . i . .
results revealed wider AJRs in the apex region at P7 comparél(be expression patterns of E-cadherin and p120ctn in the OHC

with P3 (232 0.33 vs. 1.02 023mm, p< 0.0t D 4and S EEECH erert & L YOS O e
5, respectively) and at P3 compared with PO (1.0D2.23 vs. ' P 9

0.62 0.03rm, p< 0.05 D 5 and 4, respectivelfigure 10). g 1€ BETETRERE B HEw A0 SO Ree e
Quantitative RT-PCR revealed highetes1 Hes5, E-cadherin, '

andpl20ctrexpression levels and lowatohllevels in cochleae cell-cell contacts and more E-cadherin di usely distributier

at P7 compared with POp(< 0.05;Figure 1E. Both proteins tsrl],le Cg;f[)iflmtf?;t ,\E/l-ycc:’:\7d?1;r?:?aillzelglfur)elzf;ijznecti tsf?g(r:t ;J%cgv:g
were detectable at PO but were more intense atFgufe 1F). 99 9 y

The relative immunoblot band intensities for total E-cadhe of SC conta_cts_ a.n.d was '”Ste".‘d endocytos_ed_ to the_gytoplasm
L o after Notch inhibition. Along with E-cadherin internalizian,

and pl120ctn proteins in cochlear sensory epithelia showed o

. . p120ctn was strikingly decreased at the cytomembranes of bot

signi cant change between PO and PFidure 1G). The total Myo7£ and Myo7a cells in the OHC region Rigure 3C2

E-cadherin levels increased by 156% (156.1.30%,n D 3, y y 9 9

p < 0.05;Figure 1Q from PO to P7, and the total p120ctn IevelsIong arrOV\lls).I F?ur ;:Iays lz:fter DAbPT tr_eatment, [|)120ctn
increased by 158% (158 28.68%n D 3,p< 0.05;Figure 1 o> Comvﬁ’/eteby ost drc‘;m the g‘em Lang'g]f‘;‘; 3Dé’” °”gd
from PO to P7. Our results indicate that E-cadherin/plZOctn‘fJ‘rmWS)'d © observef ec?reas”e nl;]m ers c:. g(ﬂ Sdﬁn.
complexes signi cantly increase in the postnatal mouse @zhl increased nUMoers o Myo e S with Internalize E-ca. ern
as the mouse ages. (F!gure 3D5H compar_ed _W|th two days DAPT appllcatlor_]
(Figure 3CH. 3D projections showed that HCs and SCs in
S control cochleae were surrounded by pl20ctn rz-axial
Notch In_hlbltlon-l_nduged SC-t.O-HC sections Figure 3H2) and iny-z-axial sec}[/iorr:sl?(igure 3H3). In
Conversion Is Primarily Restricted to the DAPT-treated cochleae, p120ctn was largely depleted in beth th
Outer Hair Cell Region HC and SC layers ix-z-axial sectionsKigure 312) and in y-
The inner ear sensory epithelium consists of both HCs and-axial sectionsKigure 313), whereas the number of Myo%a
SCs, and their speci cation is mediated by lateral inhibitio HCs signi cantly increased, and the number of Pr6x5Cs
through the Notch signaling pathway. Loss of Notch signalingiotably decreasedr{gure 3I). These results support previous
generates supernumerary HCs at the expense of SCs. Notetodels in which junctional E-cadherin/p120ctn is correlated
inhibition can induce SC-to-HC di erentiation through both with Notch-induced SC-to-HC conversion in the mammalian
direct di erentiation and mitotic generation of SCs in nedad  cochleae.
mouse cochleae (et al., 2015; Ni et al., 2016aVe con rmed To investigate whether DAPT treatments inhibit the Notch
these experiments using cultured PO mouse organs of Cofttien t pathway because they induce cochlear SCs to dierentiate
presence of DAPTHKigures 2C,B. DMSO treatment served as a into HCs, we rst compared the mRNA levels éfesl, Hes5
control (Figures 2B,D. DAPT application to cultured cochlear and Atohlin cochleae cultured for 48 h with DAPT or DMSO
explants for 4 days notably increased the number of Myo7athrough quantitative RT-PCRFjgure 36. The Atohl mRNA
HCs and signi cantly decreased the number of Prox3Cs in  levels in DAPT-treated cochleae were 2.8- to 3.6-fold highe
the OHC region (HCsFigure 2C1, short arrow; SCssigure 2C2  than those in matched controlsp(< 0.01). In addition, the
long arrow) compared with that found in the control DMSO- Hesland HesSmRNA levels notably decreased in DAPT-treated
treated cochleaeF{gure 2B2. To further examine the mitotic cochleae compared with the control group € 0.01). These
generation of HCdn vitro, we treated the cultures with EdU results conrmed that DAPT induces supernumerary HCs
throughout the experiment and observed several Eyo7a" by inhibiting Notch signaling and increasing Atohl, which
HCs 4 days after DAPT treatmenfFigure 2E short arrows). is consistent with previous resultsC¢llado et al., 2011b;
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FIGURE 1 | Increase in junctional E-cadherin/p120ctn in the postnatal ice cochleae. (A-C) Representative images of the apex turn in cochleae from P1,3 and P7
mice immuno-labeled for E-cadherin (green) and p120ctn (t§ with the same confocal intensity(A3—C3) Magni ed images of A2-C2 showing the differences in the
junctional p120ctn widths between adjacent outer hair cedl in the same row.(A4—C4) Double-labeling of E-cadherin (green) and p120ctn (red)DJ Quanti cation of
apical junctional region (AJR) widths in the apexes of cootde from PO, P3, and P7 mice.(E) RelativeAtohl, Hes1, Hes5, E-cadherin,and P120-catenin mRNA
expression levels in cochleae from P1, P3, and P7 micex(D 3 for each age). The mRNA levels for each gene were plotted atlve to the respective PO mRNA levels.
(F) Representative examples of Western blots showing the E-cdtkrin, p120ctn, and total GAPDH (internal control) proteiexpression levels in pure cochlear sensory
epithelia harvested from P1, P3, and P7 mice(G) Quanti cation of Western-blot experimental results. E-catierin and p120ctn were normalized to the total GAPDH
levels, and the values are expressed as percentages relaéito the PO levels for comparison. The average percentages I&ive to PO are shown g D 3). OHC, Outer
hair cell region; IHC, Inner hair cell region. The error bars {B,E,G) show the SEMs. p < 0.05, **p < 0.01. The scale bars represent 20mm in (A1) and 5mm in (A3).

Li et al., 2015; Maass et al., 2D1We also compared the (p > 0.05). We also compared protein expression between
E-cadherinand p120ctnmRNA levels between cochleae treatedAPT- and DMSO-treated cochlead-igures 3F,G. After 4
with DAPT and DMSO for 48 h Figure 3. However, there days of treatment, Western blotting revealed that the Eheath
were no signi cant changes in th&-cadherinand p120ctn and pl20ctn protein levels were similar in the control and
transcript levels between DAPT-treated cochleae and ctntroDAPT-treated cochleaeF{gure 3F). The relative immunoblot
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FIGURE 2 | DAPT-induced direct differentiation and mitotic generatin of HCs are primarily restricted to the outer hair cell regn. (A) A postnatal day 0 (P0) organ of
Corti was cultured for 24 h. Cochlear explants were dividechto the apex, mid-apex, mid-base, and base turn. Myo7a-lab&ed HCs (green) are shown(B,C) After 4
days of DAPT treatment, numerous Myo7% HCs (green) were detected in the outer hair cell region, wheas only a few Prox£ SCs (red) were preserved in the pillar
cell region of the SC layer compared with the vehicle contro[D) In control cochleae, no Edlﬁleyo7aC HCs were detected in the sensory region of the HC layer.
(E) In DAPT-treated cochleae, several EdEJ/Myo?aC HCs were observed in the HC layer(E4) Magni ed images of (E3). The explants presented in(B—E) were of the
apex of PO cochleae. OHC, Outer hair cell region; IHC, Inner hiaiell region; DC, Deiter cell region; PC, Pillar cell regioithe scale bars represent 200mm in (A) and
25mm in (B-E).

band intensities for total E-cadherin and p120ctn protein inMyo7& HCs compared with the controls (71.409.29 vs. 43.33
the cochlear sensory epithelia did not show signi cant chesig  5.03,p < 0.01;n D 5 and 3, respectivelfgigures 4G 5G),
between the control and DAPT-treated groupp & 0.05; whereas the number of ProX1SCs in the DAPT-treated group

Figure 3G). decreased by 60% compared with the DMSO-treated cochleae
(27.00 7.95vs.69.50 4.20p< 0.01nD 6 and 4, respectively;
o Figures 4H 5H). However, in the mid-apex to the base of the
Notch In_hlbltlon_lnduced SC‘tO‘HQ _ cochlea at P3 and in the apex to the base at P7, there were no
Conversion and p120ctn Disorganization signi cant di erences in the number of Myo7aHCs or Proxf
Are Age-Dependent SCs between the DAPT group and the contrdfg(res 4G,H

The e ciency of SC-to-HC transdi erentiation in the cochlea 5G,H; p > 0.05). We did not observe any signs of phenotypic
and utricles is progressively reduced and eventually cedfles conversion in any of the four cochlear turns from P7 mice,
age (Chai et al., 2011; Collado et al., 2011b; Kelly et al., 2018yen after culturing for 4 days with Iin DAPT (data not
Liu et al.,, 2012; Cox et al.,, 2014; Gao et al., POk6this shown). These results provide evidence that inhibitiongef
study, we cultured cochlear explants from PO, P3, and P7 micecretase activity becomes progressively less e ectivdiatiimg

for 4 days in DAPT and DMSO media{gures 4 5). In the  the SC-to-HC conversion in the postnatal cochlea as the animal
apex regions of PO cochleae, the DAPT-treated group cordaineages.

two-fold more Myo7& HCs than the control group (121.93 To determine whether E-cadherin/p120ctn disruption is also
13.41 vs. 58.30 9.03,p < 0.01;n D 14 and 14, respectively; age-dependent as it is in utriclesC{llado et al., 201)b
Figures 4G 5G). The number of Prox¥ SCs in the DAPT- we cultured the apex regions from PO, P3, and P7 mice in
treated group decreased 79% compared with the DMSO-treatdaMSO and DAPT for 4 daysHigures 5A-F. Through xed
cochleae (17.70 4.47 vs. 83.75 5.83p< 0.01;n D 11 and 12, confocal intensity, we con rmed that p120ctn depletion deetin
respectivelyFFigures 4H 5H). In the apex regions of P3 cochleae,with age following DAPT induction Kigures5B,D,f. SCs
the DAPT-treated group contained 1.6-fold higher numbers offrom the apex of PO and P3 mice completely lost junctional
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FIGURE 3 | DAPT induces E-cadherin/p120ctn disorganization in the oetr hair cell region of the sensory epitheliun(A-D) Images of the mid-apex of PO cochleae
treated with DMSO or DAPT for 2—4 days and immunostained for-Eadherin (blue), p120ctn (green), and Myo7a (red). In comircochleae, E-cadherin internalization
and p120ctn depletion did not occur in the sensory epithelim (A,B). In the DAPT-treated groups, internalization of E-cadheriaccurred along with depletion of
p120ctn in the outer hair cell region(C,D). The short arrows in both(C1,D1) show that E-cadherin internalization occurred followinghte DAPT treatments. The long
arrows in (C2) indicate that p120ctn was decreased in the sensory epithalim after 2 days of DAPT treatment. Following 4 days of DAPT taément, p120ctn was
depleted in the outer hair cell region (long arrows iB2). The short arrows in(C5) indicate SCs that internalized E-cadherin. The short arrosvin (D5) represent HCs
that internalized E-cadherin(E) RelativeAtohl, Hes1, Hes5, E-cadherin,and p120ctn mRNA expression levels in PO cochleae treated with DMSO or DA for 48 h
(n D 3 for each gene). The mRNA levels for each gene were plottedlegive to the respective vehicle control mRNA level§F) Representative images of Western blots
showing the E-cadherin, p120ctn, and total GAPDH (internaontrol) protein expression levels in cochlear sensory epielia treated with DMSO or DAPT for 4 days.
(G) Quanti cation of Western blot experiments. E-cadherin and f20ctn were normalized to the total GAPDH levels, and the vaés are expressed as percentages
relative to DMSO for comparison. Average percentages relize to DMSO are shown i D 3). (H) 3D projections showing that My07§ HCs and ProxI€ SCs in the
sensory region are surrounded by p120ctn and do not undergo §-to-HC conversion in control cochleae (long arrows). HCsrad SCs were surrounded by p120ctn in
x-z-axial sections(H2) and in y-z-axial sections(H3). (I) In DAPT-treated cochleae, p120ctn was largely depleted in ki the HC and SC layers, whereas My07§ HCs
were signi cantly increased, and Prox£ SCs were dramatically decreased (short arrows)12) x-z-axial sections.(13) y-z-axial sections. Myo7a (blue), Prox1 (green),
and p120ctn (red). The error bars irfE,G) show the SEMs. *p < 0.01. The scale bars represent 10mim in (A-D) and 25nm in (H,1).
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FIGURE 4 | The SC-to-HC conversion capacity differs by region and de@ases with age.(A-F) The apexes of PO, P3, and P7 cochleae cultured for 4 days in the
presence of DAPT or DMSO(A,B) In the apexes of DAPT-treated PO cochleae, the number of Myoﬁa HCs signi cantly increased and the number of Proxt SCs
signi cantly decreased compared with the control.(C,D) In DAPT-treated P3 cochlea, there was a signi cant increase iMyo7aC HCs and a decrease in Proxf SCs
compared with DMSO treatment.(E,F) In the apexes of P7 cochlea, there were no differences in the mbers of Myo7aC HCs and Proxi€ cells between the DAPT
treatment group and the control group.(G,H) Quanti cation of the number of My07é: HCs/100 mm and Prox1€ SCs/100 nm after 4 days of DAPT or DMSO
treatments from the apex to the base of cochleae from PO, P3, ad P7 mice. The error bars in(G,H) show the SEMs. *p < 0.01. The scale bar represents 20rm.

p120ctn. SCs were converted into HCs in the presence &-cadherin/p120ctn disruption decreased synchronouslyh wit
DAPT (Figures 5B4,D4 short arrows). Additionally, the regions age and ceased at P7.
where p120ctn was depleted and where SCs were converted

into HCs were much narrower in P3 mice compared with : oy
PO mice (32.11 10.19 vs. 5912 8.39mm, p < 0.01: SC-to-HC Transdifferentiation and p120ctn

n D 5 and 5, respectivelyFigures5B,D,I,1). SCs in P7 Disorganization Decrease from Cochlear

cochleae retained junctional p120ctn and failed to converApex to Base

into HCs after continuous DAPT treatment={gure 5D). We  To determine whether di erentiated cochlear SCs could only
analyzed the association of p120ctn depletion with the numberansdi erentiate in speci ¢ regions, we cultured cochleaani

of Myo7& HCs and Prox§ SCs at PO, P3, and P7. Our PO mice from the apex to the base in the presence of DAPT for
results revealed that greater p120ctn depletion from jumstio 4 days Figures 4G,H. DMSO treatment served as the control
was associated with increased generation of MfoHCs (Figures 4G,H. There were signi cantincreases in My$7hCs
and less preservation of Prdx1SCs Figures5J-). Our  and marked decreases in Pré&x$Cs from the apex to the mid-
results demonstrate that the HC regeneration ability andase in DAPT-treated cochleae compared with DMSO-treated
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FIGURE 5 | E-cadherin/p120ctn disorganization and SC-to-HC conversin decline with age and cease by P7(A—F) Whole mounts of apexes harvested from PO, P3,
and P7 cochleae treated with DMSO and DAPT for 4 days. Myo7add), Prox1 (green), and p120ctn (white). p120ctn was imagewith the same confocal intensity for
all samples.(A2-F2) p120ctn expression in the apex from PO to P7. p120ctn disintgration was detected in the apexes of PO (short arrow i82) and P3 (short arrow
in D2) mice treated with DAPT. No p120ctn disruption was observedn P7 mice or controls.(A3—F3) Higher magni cation of p120ctn in the HC layers. p120ctn was
depleted and HCs were regenerated in PO (short arrows iB3) and P3 mice (short arrows irF3). (A4—F4) Higher magni cation of p120ctn and ProxiC SCs in the SC
layer. After DAPT treatments, p120-depleted areas were nably smaller in the apexes of P3 mice (short arrows iR4) compared with those in the apexes of PO mice
(short arrows inB4). (G,H) Ratio of My07af: HCs and Proxi€ SCs following DAPT treatments compared with DMSO treatmestin the apexes of PO, P3, and P7
cochleae. (G-1) Quanti cation of p120ctn depletion widths in the apexes of PQ P3, and P7 mice treated with DAPT for 4 days(J) Scatter plot of the number of
Myo7aC HCs/100 mm (y-axis) and Prox SCs/100 mm (x-axis) in the apexes of PO, P3, and P7 mice. A higher number of gerated Myo7&~ HCs was associated
with the retention of fewer Proxf SCs. (K,L) Scatter plot of Myo7.':1c HCs/100 mm (1, y-axis), Prox° SCs/100mm I, y-axis), and p120 depletion widths X-axis) in
the apexes of PO, P3, and P7 mice. The data ifG—L) are presented as the means SEMSs. *p < 0.01. The scale bars represent 25rm.
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control cochleaeRigures 4G,H p < 0.01, respectively). In the HCs signi cantly increased and the number of Préxkells
DAPT-treated group, there were two-fold more My&7&ICs  signi cantly decreased, and the region of p120ctn depletion
in the apex, 1.8-fold more Myo¥aHCs in the mid-apex and was much wider compared with that of those treated with
1.4-fold more Myo78 HCs in the mid-base compared with DAPT for 2 days Eigures 7G—| p < 0.05, respectively). In the
the vehicle control Figure 4G. The number of Proxt SCs apexes or mid-apexes of PO cochleae treated with DAPT for
in the DAPT-treated cochleae decreased 79% in the apex, 78/days, there were signi cant increases in the Myo#dCs
in the mid-apex, and 47% in the mid-base compared wittnumbers and p120ctn depletion and a prominent decrease in
the number of SCs in the matched regions of the vehicléhe number of Prox% cells compared with those treated with
controls Figure 4H). In contrast, we did not observe signi cant DAPT for 4 days Figures 7G—| p < 0.05, respectively). In
di erences in the base of the cochlea between DAPT-treatethe mid-basal or basal turn, however, there was no signitcan
samples and controls in terms of the number of My6#dCs or  di erence in the number of Myo7a HCs or Proxf SCs,
ProxI® SCs Figures 4G,H p > 0.05, respectively). Our results and there was no dierence in p120ctn depletion between
demonstrate that Notch inhibition exhibits a region-spexi PO cochleae treated with DAPT for 2 days and those treated
capacity to induce HC generation, with the highest activityie ~ with DAPT for 4 days or between PO cochleae treated with
apex and decreased activity toward the base. DAPT for 4 days and those treated with DAPT for 6 days
The observation of region-speci ¢ HC regeneration raises th (Figures 7G—| p> 0.05, respectively). The above results indicate
question of whether E-cadherin/p120ctn disorganizatiomldo that longer DAPT treatments led to more SC-to-HC conversion
also dier between regions. Therefore, we scanned the apend pl120ctn depletion in the apex and mid-apex turns of PO
to the base with the same confocal intensity and measurecbchleae.
the length of the area of p120ctn depletioRigures 6A-D).
After 4 days of DAPT treatments in the apex, patches o
junctional p120ctn were depleted along with an increase i ISCUSSION

Myo7& HCs and a decrease in PréxISCs extending from Many studies have investigated di erences in the inner ears

the apical surface to the SC laydfidure 64, short arrows). mammals and non-mammals to understand the absence
Cochlear SCs in the mid-apex and the mid-base also exhibite spontaneous HC replacement in mammalsiaCkett
reduced p120ctn and were converted into HCs in the Presence .. 5002: Davies et al. 2007: Meyers and Corwin, 2007;
of DAPT (Figures 6B,C short arrows). However, the depleted 5 = . 1" 5008 2013 Collado et al. 2011b: Burns and
regions in the sensory epithelium of the middle turn were~ . . 201'4_ Fuhdame}\tal di erences’ in thé cellular
discontinuous and sporadia{gures 6B,C short arrows). The. structur’e of E-cadherin and the F-actin belts account for

Iﬁngth_dof the depletedd reglﬁn I}]/V&S Slgnlgznég/ 5sr51c;rter Nthe dierent responses in HC generation in the vestibular
the mid-apex compared with the apex (34. ’ VS- system of mammals and non-mammaldiackett et al.,

22612in t:e'39‘mi' " 'b:S: cg}g;i;e dDwihart]r?e 5r*ni;ezgg)°(“‘g'5y)832ooz; Burns et al., 2008, 2013: Collado et al., 2011b: Burns
. ) : d Corwin, 20131 However, little is known regardin
289 vs. 3435 557mm, p < 001:n D 3 and 3, cho Comwin, 201t However litle i wn regarcing

. | N . . whether the SC-to-HC conversion capacity is linked to E-
respectivelyFigure 6G), indicating that disruption of p120ctn cadherin localization in mammalian cochlea. Our experinsent

localization also.di ers regionally..Some sca.ttered SCaimed  oonstrated that the region-specic and age-dependent
p120ctn and failed to convert into HCsFigures 6B4,C4 SC-to-HC conversion competency in the mouse cochleae

Therefore, we analyzed the association of p120ctn depleticwas strongly correlated with the postnatal accumulation
Vﬁ'th the numbher gf Myoo75 HCsland Prolxz Sth _from E-cadherin/p120ctn at cell junctions. An apparent
the apex to the base. Our results revealed that InCrea‘c’eﬁqcadherin/plZOctn disruption occurred along with SC-to-HC

severity' of p120cin depletion was assqciated with increas(Jc(ignversion following DAPT induction. Our ndings indicate
generation of Myo7& HCs and preservation of fewer Prdx1 the potential importance of junctional E-cadherin/p120ctn

SCs Figures 6H-). Thus, the SC-to-HC conversion capacityin preventing SC-to-HC conversion in the mammalian

and E-cadherin/p120ctn disorganization were robust in thecochleae.

apex and decreased toward the base in a synchronous

manner. E-cadherin/p120ctn Reinforcement Is
Correlated with the Absence of HC

Longer DAPT Treatments Increase the Regeneration in the Postnatal Cochleae

Amount of SC_t,O_H.C Conversion and E-cadherin and its cytoplasmic partners, namely, catenins,
p120ctn Depletion in the Apex and mediate cell-cell adhesion, providing signals for contact
Mid-Apex Turns inhibition (Steinberg, 2007; Ishiyama et al., 2010; Van den
We further investigated the e ects of longer DAPT treatmentsBossche et al., 20)L.ZThe p120ctn protein is responsible for
on explanted cochlead-igure 7). For PO cochleae, we reducedstabilizing cadherin-catenin complexes at the cell surfaee v
the period of the DAPT treatment from 4 days to 2 daysits juxtamembrane domain (JMD)Thoreson and Reynolds,
or extended it to 6 days. In the apexes or mid-apexes of PR002; Davis et al., 2003; Xiao et al., 2003; Reynolds),2@kich
cochleae treated with DAPT for 4 days, the number of Myo7a regulates cadherin clustering and adhesive strengthening
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FIGURE 6 | p120ctn depletion and SC-to-HC conversion gradually decrase from the apex to the base.(A-D) The apex, mid-apex, mid-base, and base of PO
cochleae were treated with DAPT and immunolabeled with Mya¥ (red), Prox1 (green), and p120ctn (white). p120ctn was inggeed with the same confocal intensity
from the apex to the base.(A2-D2) Images show p120ctn expression from the apex to the base. p126tn deletion occurred from the apex to the mid-base of the
sensory epithelium (short arrows ilA2—C2). (A3-D3) Higher magni cation of p120ctn in the HC layers. Loss of p120¢n was detected in the HC layers (short arrows
in A3-C3). (A4-D4) Higher magni cation of p120ctn and ProxIC SCs in the SC layers. p120ctn was depleted and Prox¢ SCs disappeared in the sensory region.
The depleted areas decreased in a gradient from the apex to tamid-base (short arrows inA4—C4). Some scattered SCs retained p120ctn and did not exhibit ay
phenotype conversion.(E) Number of Myo?af: HCs/100 mm in the sensory region.(F) Number of Prox1C SCs/100 mm in the sensory region.(G) Widths of p120ctn
depletion in the sensory region(H) Scatterplot of the number of Myo7e? HCs/100 mm (y-axis) and Prox® SCs/100 mm (x-axis) from the apex to the base of PO
cochleae. A higher number of retained Prox¢ SCs was associated with the generation of fewer Myo?‘é HCs. (1,J) Schematic diagram of Myo?é: cells/100mm

(1, y-axis), Prox1C cells/100mm (J, y-axis) and p120 depletion widths x-axis) from the apex to the base. A greater depletion of p120n was associated with the
generation of more Myo7& HCs and the preservation of fewer Prox§ SCs. The data in(E-J) are presented as the means SEMSs. p < 0.05, *p < 0.01. The scale
bars represent 25mm.

(Yap et al, 1998 and suppressing cell motility Chen scattered SCs retained their junctional p120ctn after DAPT
et al., 199y Therefore, disruption of E-cadherin and its treatment. Such p120ctn-expressing SCs exhibited no detecta
association with p120ctn destabilizes cell-cell adhesemd changes in their phenotype. Additionally, the SCs in control
allows cancer cells to invade and metastasiZeo(eson and cochleae were surrounded by E-cadherin/p120ctn in the
Reynolds, 2002 In our study, E-cadherin internalization cytomembrane and did not undergo any SC-to-HC phenotypic
and pl20ctn depletion in the OHC region occurred alongconversion.

with a signi cant increase in the number of MyoZaHCs We could not determine the sequence of E-cadherin/p120ctn
at the expense of ProX1SCs Figure 3. In addition, some disruption and HC regeneration following Notch inhibitiont
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FIGURE 7 | Longer DAPT treatments promote plZOctn/Proxf SC depletion and SC-to-HC conversion in the apex and mid-ape of PO cochleae. (A-F) Mid-apexes
harvested from PO mice were treated with DMSO or DAPT for 2, 4r 6 days. Myo7a (red), Prox1 (green), and p120ctn (whitefA2—F2) p120ctn expression in the
apex for 2—6 days.(A3—F3) Higher magni cation of p120ctn. A longer DAPT treatment was asociated with greater p120ctn depletion. The short arrowsn (B,D,F)
indicate the regions with p120 depletion(G-I) Comparison and quanti cation of Myo7a(3 HCs, Prox1C SCs, and p120 depletion widths in the mid-apexes of PO mice
treated with DAPT for 2, 4, and 6 days. The data ifG—I) are presented as the means SEMs. *p < 0.05. **p < 0.01. The scale bars represent 25mm.

is possible that Notch inhibition rst leads to disorganiiat of  complex, E-cadherin/p120ctn complexes were removed from the
E-cadherin/p120ctn complexes and then induces the SC-to-HCytomembrane, with E-cadherin di usely distributed througit
conversion. It is also possible that Notch inhibition rst the cytoplasm. However, there were no di erences in the total
leads to SC-to-HC conversion and then to E-Cadherin/p120evels of either E-cadherin or p120ctn compared with the colstr
disorganization. The Notch signaling pathway is known to(Swaminathan and Cartwright, 20)L2
be required to maintain a mosaic distribution pattern of SCs Previously, p120ctn was reported to be a gatekeeper of
and HCs through a lateral inhibition e ect by mediating the E-cadherin turnover via its ability to bind to the intraceldu
Jaggedl/Notch receptor. Loss of Notch signaling generatdemains of cadherinsThoreson and Reynolds, 2002; Davis
supernumerary HCs at the expense of S€gi(nan et al., 2005; et al., 2003; Xiao et al., 2003; Perez-Moreno et al., 2006;
Hayashi et al., 2008; Mizutari et al., 2013; Li et al., 2018t Hli., Miyashita and Ozawa, 2007; Reynolds, 30Qhcoupling of
2016a; Waqas et al., 20)6Notch signaling might also mediate the p120ctn-JMD interaction or knockdown of p120ctn leads
junction stability by localizing E-cadherin and its asstetd to signicant reductions in membrane-localized cadherins
catenins to SC/HC contacts. in vitro andin vivo (Miyashita and Ozawa, 2007; Reynolds, 2007,
In our study, we did not detect any dierences in E- Chacon-Heszele et al., 201ZTherefore, in our experiment,
cadherin or p120ctn protein or mRNA levels between DAPT-disruption of pl120ctn localization could represent the
and DMSO-treated cochleaki@ure 3) according to the Western disintegration of E-cadherin/p120ctn complexes. Therefore
blot and gPCR results. Similar results have been observed we used p120ctn to further investigate the correlation betwe
cell culture experimentsSiwvaminathan and Cartwright, 200L.2 E-cadherin/p120ctn localization and region- or age-depemde
Following tyrosine phosphorylation of the E-cadherin/p120ct SC-to-HC conversion.
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Age-Dependent E-cadherin/p120ctn their junctional p120ctn even after longer DAPT treatments,
Disruption and SC-to-HC Phenotype whereas the number of SCs signi cantly decreased in the apex
Conversion in the Postnatal Cochleae aqd the mid-ape'».(, where pl120ctn was exterjsively depleted
We found that a precipitous age-dependent decline in th Figure 6). In addltl_on, longer DAPT treatm_ents_ induced more
ability of DAPT induces supporting cell trans-di erentiation Q-to-HC conversmn_and p_lZOctn deplet|on_|n the apex and
into hair cells, which is consistent with previous studi&zI(y mid-apex turns but did not induce changes in the mid-basal

et al. 2012 Liu et al. 2012 Cox et al. 2014: Shi et " basal turns, indicating that the HC generative potential

2019. By 7 days after birth, the organ of Corti is essentiallycommues for longer in the apex than in the base of the

unresponsive to Notch inhibition in culture. This type of cci;r(l)leta. SOT t‘?‘ decreased r_esporl;se tlo N_otclh |nr:j|_b|t|ton Iand
age-related SC-to-HC conversion capacity is linked to th ctn depletion progress in a basal-apical gradient along

accumulation of F-actin and E-cadherin in postnatal utricles he organ of Corti, consistent with the gradient of cellular

(Hackett et al., 2002; Bumns et al., 2008, 2013; Collado et aqi erentiation in the cochlea, which starts at the base at

2011b; Burns and Corwin, 20)L.4We found that junctional approximately E14 and Progresses toward the apex with a
p120ctn in the sensory epithelia of PO, P3, and P7 cochlezﬁglay lc:jfs O!ai/s qugn atmd S(Tg”’ ligfr’] Chenl et ah’ [?Eg?r
exhibited distinct di erences in response to Notch inhibitio wou € Interesting to explore Whetner prolonge

SCs from the apex to the mid-base of PO mice and frorﬁreatment or prolonged culture following DAPT treatment could

the apex of P3 mice were converted into HCs along witHe%d to more SC'tEI)_hHC czjqnversr]lons r:n :l.OtEt ttr;1e ap?x ?nld
p120ctn disruption in the presence of DAPT. However, neithef""'¢-apeX regions. € ndings here highlly € potentia

SC-to-HC conversion nor p120ctn depletion was observed ianortance of junctional_I_E-cadherin/p120_ctn asa regulat_br 0
the mid-apex to the base of P3 mice or in any area of thgellular phenotype stability and maturation of the auditory

cochlea of P7 mice. The SCs that retained p120ctn did noe[pnhellum.

exhibit any phenotype conversioRigure 5. Additionally, areas

of p120ctn depletion in the ape?( of P3 mice were notabI)pONCLUSION
smaller than those in the apex of PO mice. The decline in th
capacity of SC-to-HC di erentiation occurred in parallel withe
accumulation of junctional E-cadherin/p120ctn in postne®ats
undergoing maturation Figure 1), supporting the hypothesis
that age-dependent SC-to-HC di erentiation is correlated to
postnatal localization of junctional E-cadherin/p120ctn time
mammalian cochlea.

?n summary, our study demonstrated that postnatal region-

specic and age-dependent SC-to-HC conversion is strongly

correlated with E-cadherin/p120ctn complexes in the

mammalian cochlea. These ndings provide new insights

for determining the factors responsible for terminating HC

regeneration in the mammalian cochleae. In future experitsagn

it would be of great interest to explore the detailed molecula
. . . . mechanism of E-cadherin/p120ctn disruption following Notch

Region-Speci ¢ HC G_eneratlon Is Linked inhibition. In addition, oveeexpression oF; E-cadheringand/

to Postnatal E-cadherin/p120ctn pl20ctn in neonatal mice cochleae or conditional knock out

Accumulation in the Mouse Cochlea of E-cadherin and/or p120ctn in adult mice provide a better

Studies of the vestibular system have previously demondtrateinderstanding of their roles in SC-to-HC conversion. Moregv

that the SCs of di erentiated utricles exhibit region-depend it would be worth exploring whether F-actin belts or other

limitations in their capacity to change phenotype3uins members of the catenin family, such as b-, or g-catenin,

et al., 2008; Collado et al., 2011b; Burns and Corwin, R014egulate the SC-to-HC dierentiation capacities in dierent

which is strongly correlated with dierences in E-cadherin species.

organization between striolar and extrastriolar regiofisl(ado
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