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Lgr5C supporting cells (SCs) are enriched hair cell (HC) progeait in the cochlea.
Both in vitro and in vivo studies have shown that HC injury can spontaneously activat
Lgr5C progenitors to regenerate HCs in the neonatal mouse cochleaPromoting HC
regeneration requires the understanding of the mechanismfddC regeneration, and this
requires knowledge of the key genes involved in HC injury<tuced self-repair responses
that promote the proliferation and differentiation of Lgr6 progenitors. Here, as expected,
we found that neomycin-treated Lgr8C progenitors (NLPs) had signi cantly greater
HC regeneration ability, and greater but not signi cant prbferation ability compared
to untreated Lgr5C progenitors (ULPS) in response to neomycin exposure. Nextye
used RNA-seq analysis to determine the differences in the ge-expression pro les
between the transcriptomes of NLPs and ULPs from the neonatamouse cochlea.
We rst analyzed the genes that were enriched and differerdily expressed in NLPs
and ULPs and then analyzed the cell cycle genes, the transgtion factors, and the
signaling pathway genes that might regulate the proliferain and differentiation of Lgr&
progenitors. We found 9 cell cycle genes, 88 transcriptionactors, 8 microRNAs, and 16
cell-signaling pathway genes that were signi cantly upreglated or downregulated after
neomycin injury in NLPs. Lastly, we constructed a protein-tein interaction network to
show the interaction and connections of genes that are diffientially expressed in NLPs
and ULPs. This study has identi ed the genes that might reguaite the proliferation and
HC regeneration of Lgr& progenitors after neomycin injury, and investigations intthe
roles and mechanisms of these genes in the cochlea should begrformed in the future
to identify potential therapeutic targets for HC regener&in.
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INTRODUCTION progenitors exist in a quiescent state, but they have beewisho
to proliferate and regenerate HCs via both mitotic division
Sensory hair cells (HCs) in the inner ear are specializegind direct transdi erentiation after HC injury ladisen et al.,
mechanoreceptors for sound recognition. Damage to thesgyi0; Chai et al., 2012; Bramhall et al., 2014; Cox et ak).201
HCs leads to sensorineural hearing loss, which is one of thgenetic ablation of HCi vivostimulates the Lgr progenitors
most common sensory disorders a ecting millions of childrento acquire the HC fate in all three cochlear turns but with
and adults around the world{uthey, 201} HC damage is signi cantly higher frequency in the apex compared to the base
irreparable in adult mammals due to the absence of cochlegtCox et al., 201y Similarly, in thein vitro ototoxic damage
HC regeneration, and this results in permanent hearing ltss. model, the new HCs originate from the LdE5progenitors that
contrast, the supporting cells (SCs) located within the agfit are present in the organotypic culture of the neonatal cochlea
and vestibular system of non-mammalian animals such assbirdBramhall et al., 20)4 These studies have demonstrated that
and sh retain the ability to proliferate and regenerate HCsdamage to the neonatal cochlea results in regeneration of HC
in response to both internal and external auditory/vest#iul initiated by the Lgr& progenitors. Our previous work also
damage Corwin and Cotanche, 1988; Balak et al., 1990; Storgemonstrated that after neomycin injury the Wnt signaling
and Cotanche, 2007; Ma et al., 2008; Warchol, pOSgveral pathway is activated in the cochlea as part of the repair process
recent studies have shown that a subset of SCs expressing:|ly et al., 201% but the key genes involved in neomycin
Lgr5 can act as progenitor cells in the mammalian cochleanjury-induced self-repair responses have not yet been idesht
and these cells possess limited regenerative capacity duriigs important to understand the detailed molecular mectsmi
the early postnatal periodSermingham-McDonogh and Reh, regulating the ability of Lgr6 progenitor cells to proliferate and
2011; Chai et al., 2011, 2012; Shi et al., 2013; Bramhall, et gégenerate HCs after neomycin injury because this mightiokev
2014; Cox et al, 2014; Wagas et al, 2R1BKC injury in  newtargets for stimulating these L@%rogenitors to regenerate
the neonatal mouse cochlea can initiate self-repair prosessgore HCs after ototoxic damage and to restore hearing.
that involve the spontaneous regeneration of HCs from these |n this study, we explored the molecular mechanism
Lgr5C progenitors, and this has been demonstrated biothitro  pehind the proliferation and HC regeneration capacity of
and in vivo (Bramhall et al., 2014; Cox et al., 2@.1H|OW€V€I’, LgrsC progenitors after neomycin damage_ We found that
this regenerative ability is lost as the mice age and disappeafter neomycin treatment, Lg€5 progenitors located within
completely by the time they reach adulthodd/((ite et al., 2006; the neonatal cochlea showed a signi cantly greater abttity
Oesterle et al., 2008; Cox et al., 2014 proliferate and regenerate HCs. We further performed RNA-seq
In the organ of Corti, the speci ¢ arrangement of SCs andpro ling of the Lgr5C progenitors in order to determine the
sensory HCs is not only necessary to maintain the mosaigenes involved in regulating proliferation and HC regenierat
like structure, but the SCs might also serve as a reservoir f@fter neomycin treatment. Finally, we predicted the functio
regenerating HCs after damagei et al., 2003; Lee et al., 2006;0f the dierentially expressed genes involved in inner ear
Sinkkonen et al., 2011; Cox et al.,, 2014; Li W. et al., RO1®HC regeneration using the STRING bioinformatics tool to
Although the resident SCs in the cochlea are postmitotic b¥onstruct a protein-protein interaction network. These dats
nature or due to the complex organization of the organ of Cortigre expected to systematically explain the detailed regylato

(Malgrange et al., 2002; Wagas et al., 2),1fese SCs can be mechanisms of LgiG progenitors in HC regeneration after
cultivatedin vitro and have been shown to form oating spheresneomycin damage.

with the ability to di erentiate into various cell types of tliener

ear, including HCs Qshima et al., 2007a; Martinez-Monedero
et al., 2008; Wang T. et al., 201 vitro andin vivo regulation MATERIALS AND METHODS

of key developmental factors such as Wia(grange et al.,  Animals and Genotyping PCR

2002; Yamamoto et al., 2006; Shi et al., 2013; Liu L. et a46),20 | gr5-EGFP-IRES-creERT2 mice (Stock #008875, Jackson
Notch (LI et al., 2003; Doetzlhofer et aI., 2009; KeIIy et aI., 2012_'ab0ratory) and Rosa26-tdTomato reporter mice (Stock
Ni et al., 201} and Atohl ¢Zheng and Gao, 2000; Shi et al.,#007914, Jackson Laboratory) of either sex were used in the
2012; Kuo et al., 20}3n these SCs can stimulate the increasegxperiments Pannier et al., 2009 We performed all animal
formation of myosin7& HCs. In addition, studies have shown procedures according to protocols that were approved by the
that upon cochlear HC damage, non-sensory SCs/progenitolgnimal Care and Use Committee of Southeast University and
display at least some capacity to proliferate and mitoticallyvere consistent with the National Institute of Health's Geifbr
regenerate HCs as a self-repair responset(al., 2003; Cox etal., the Care and Use of Laboratory Animals. We made all e orts

2019. To better understand the HC regeneration mechanismo minimize the number of animals used and to prevent their
and to develop strategies to promote HC regeneration in adul§y ering.

mammals, itis important to identify the key genes involvedhia The tail tips were collected from transgenic mice, and germomi
HC injury-induced self-repair response, including prolifécat  DNA was obtained by adding 188 50 mM NaOH, incubating
of SCs/progenitors and their di erentiation into HCs. at 98 C for 60 min, and adding 2t 1M Tris-HCI (PH 7.0). The

Lgr5 is a downstream target gene of the Wnt pathway and igenotyping PCR was carried out by using 2Tag Master Mix
a marker for adult stem cells that is expressed in a subpopulatiqiVazyme), and the PCR protocol was as follows(#br 3 min;
of cochlear SCsChai et al., 2011 In the inner ear, Lgr& 37 cycles of 94 for 30's, 60C for 30's, and 7 for 45 s; 72C
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for 5min; and holding at 4C. The genotyping primers were as in triplicate. The PCR protocol was as follows: 60for 2 min;
follows: Lgr5 (F) CTG CTC TCT GCT CCC AGT CT, wild-type 95 C for 10 min; 45 cycles of 9& for 15, 60C for 1 min; and
(R) ATA CCC CAT CCC TTT TGA GC, mutant (R) GAA CTT a melting curve was performed starting at 65 up to@%with an
CAG GGT CAG CTT GC; tdTomato wild-type (F) AAG GGA increase of 0.5 per 1 s to verify primer speci cities. Expression
GCT GCA GTG GAG T, (R) CCG AAA ATC TGT GGG AAG levels of each gene was normalized to the GAPDH in the same
TC; mutant (F) GGCATT AAAGCAGCG TATC,(R)CTG TTC samples. The primers were listedTiable 1
CTG TAC GGC ATG G.

Immunostaining and Image Acquisition

Invitro Lineage Tracing of Lgr5 C Cells in Neomycin-damaged and undamaged cochleae were xed in 4%
the Neomycin-Damaged and Undamaged PFA for 1h at room temperature, washed with PBS, blocked
Cochleae with blocking solution (5% donkey serum, 0.5% Triton X100,

Heterozygous Lgr5-EGFP-creERT2 mice were crossed with02% sodium azide, and 1% bovine serum albumin in pH 7.4
homozygous Rosa26-tdTomato mice to trace the fate of€gr5 PBS) for 1h at room temperature and then incubated with
cells in the neomycin-damaged and undamaged cochleaBlimary antibodies diluted in PBT1 (2.5% donkey serum, 0.1%
Postnatal day (P)L mice were sacriced, and the cochlea-EritO” X100, 0.02% sodium azide, and 1% bovine serum albumin
from Lgr5-EGFP-creER/Rosa26-tdTomato double-positive mic® PH 7.4 PBS) at 4 for overnight. This was followed by
were dissected out and cultured in DMEM/F12 mediumWashing with 0.1% (v/v) Triton X100 in pH 7.4 PBS three
supplemented with N2 (1:100 dilution, Invitrogen), B27 (1:50tiMes and incubating with uorescence-conjugated secapda
dilution, Invitrogen), heparin sulfate (50 ng/ml, Sigmajidathe antlbody for 1 h at room temperature. After_washlng with 0.1%
growth factors bFGF (10 ng/ml, Sigma), EGF (20 ng/ml, SigmafV/V) Triton X100 in pH 7.4 PBS three times, the cochleae
and IGF-1 (50 ng/ml, Sigma) (full medium). The cochleae werdV€ré mounted in antifade uorescence mounting medium
treated with 500 nM 4OH-tamoxifen for 4 days all through the (PAKO). Anti-Myosin7a (Proteus Bioscience, #25-6790, 04,0
culture. At 12 h after the beginning of the culture, the ceze  diluted in PBT1) and anti-Sox2 (Santa Cruz Biotechnology,
were treated with 0.5 mM neomycin (Sigma) or PBS for 12 h. EqUif17320, 1:400 diluted in PBT1) primary antibodies were used.
was added to the medium at a nal concentration of &M to ~ DOnkey anti-rabbit Alexa Fluor 555 and 647 uorescence-

label dividing cells. The damaged and undamaged cochleae wé&onjugated secondary antibodies (Invitrogen, #A-3157&; #
examined after 4 days of culture. 31573) were used for Myo7a, and donkey anti-goat Alexa Fluor

647 uorescence-conjugated secondary antibody (Invigrog
Isolation of Lgr5 C Cells via Flow Cytometry #A-21447) was used for Sox2. All the uorescent secondary
Approximately 30—40 postnatal day (P)1-2 Lgr5-EGFP-creERT@ntibodies were diluted 1:400 in PBT2 (0.1% Triton X100 and
mice were sacri ced, and the cochleae were dissected out add®e bovine serum albumin in pH 7.4 PBS). The Click-it EdU
cultured in full medium as described above and allowed tdmaging kit (Invitrogen) was used after blocking to measueé c
recover for a few hours. The cochleae were treated with 0.5 miroliferation. The uorescence images were obtained withiaZe
neomycin (Sigma) or PBS for 12 h and then allowed to recover ikSM 710 confocal microscope and were analyzed using ImageJ
full medium for 24 h. The cochleae were collected and trygsidi  (NIH) and Photoshop CS5 (Adobe Systems).
by prewarmed 0.125% trypsin/EDTA (Invitrogen) at &7 for .
8 min. The same amount of soybean trypsin inhibitor (10 mg/ml,RNA Extraction for RNA-Seq
Worthington Biochem) was then added to terminate the trypsinApproximately 20,000 NLPs and 20,000 ULPs were used to
reaction in the neomycin-damaged and undamaged cochlegxtracttotal RNA with an RNeasy micro kit (QIAGEN). The RNA
samples. Cochleae were separated into single cells by pipettis@mples from NLPs and ULPs were split into three fractions for
up and down 80-100 times with blunt tips and then percolatingseparate replicates.
through a 40mm cell strainer (BD Biosciences). Dissociated cells
from damaged and undamaged cochleae were sorted on a gNA-Seq

FACS Aria lll using the GFP channel. The double-strand cDNA was synthesized from the total RNA
_ obtained from the NLPs and ULPs using a TruSegNA LT
Real-Time PCR Sample Prep Kit v2 (lllumina). lllumina adapters were ligated

Total RNA was extracted from 20,000 FACS-sorted neomycin- to the cDNA molecules after end repair. The ligated cDNA
treated Lgr& progenitors (NLPs) and 20,000 untreated L@r5 was cleaned up with AmpureBeads (Beckman). The library was
progenitors (ULPs) with an RNeasy micro kit (QIAGEN). ampli ed using 10 cycles of PCR for the enrichment of adapter-
RevertAid First Strand cDNA Synthesis Kit (Thermo) was usedigated fragments. Transcriptome sequencing was carried ou
to synthesize cDNA. Real-time PCR was carried out by using theith the Illlumina-Hiseq2500 system (lllumina).

SYBR Green PCR Master Mix (Roche) on a BIO-RAD C1000

Touch thermal cycler (BIO-RAD). Each 28 PCR reaction RNA-Seq Data Analysis

mixture contained 12.5rL 2  SYBR Green PCR Master Mix, The TopHat (version 1.3.2) and Cu Links (version 2.2.1) pipelin
0.5 mL forward primer (10mM), 0.5 mL reverse primer (10 was used for the alignment and gene expression counting
mM), 2 mL template, and 9.5 sterilized distilled water. Each of the RNA-seq data. The reference genome was mm9. The
group contained three samples, and each PCR was carried dePKM (Fragments per kilobase of exon per million fragments
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mapped) values of all mouse genes were summarized togettrepresent the mitotically proliferated Lggsprogenitors, could

for all samples (three NLP samples and three ULP samplehe found in the damaged cochlea€&idure 20), indicating
Spearman's rank correlation was calculated for all pair-wisthat neomycin treatment induced the proliferation of L5
combinations of samples based on the FPKM values of all mougeogenitors. However, due to the very small number of
genes. The correlation plot was generated with the corrploidTomataC/EJUC cells in neomycin-treated cochleae, the
package in R. A total of 46,983 mouse RefSeq transcripiscrease was not signi cant compared to the control group
were included in the RNA-seq data, and the means angFigure 2B pD 0.093n= 5).

standard deviations of the normalized data were calculated

value ofp < 0.05 was considered statistically signi cant. TheAnalysis of RNA-Seq Results

expression levels of all of the transcriptional units weresnead P1 Lgr5-EGFP-creER mice were sacri ced, and their cochleae
according to their FPKM values, and a cuto level of 0.1 wasere dissected out, cultured in full medium for 12 h, and then
chosen as the lowest gene expression level. The Gene Ontolagyated with 0.5 mM neomycin for 12h to damage the HCs.
(GO) analysis was done with DAVID GO Annotation. The The cochleae were allowed to recover for another 24 h before
protein-protein interaction information was extracted frothe  trypsinization and cell sortingRigures 3A,B. After cell sorting,
STRING database. The interaction network graph was drawRf0,000 isolated NLPs and 20,000 ULPs were collected and RNA-
by Cytoscope 3.4. Important gene lists of dierent signalingseq analysis was performed to determine their gene-expression
pathways (Wnt, Notch, TGH; Hippo) were determined based on pro les (supplementary Data Sheet 1). Principal component

information from the KEGG database. analysis was performed to assess the reproducibility of the
measurements, and the NLP and ULP groups were well-separated
Statistical Analysis by principal component 1Kigure 3Q). After excluding FPKM

For each condition, at least three individual experimentseve values below 0.1, 20,362 and 17,123 transcripts were examine
conducted. Data are presented as mearstandard errors of separately in the NLPs and ULPs, respectively, and 14,877
the means (SEM), and GraphPad Prism6 software was used ttanscripts were expressed in both cell populatidfigire 3D).
analyze the data. Statistical signi cance was determingdgu

a two-tailed, unpaired Studentstest. A value op < 0.05 was Genes Enriched in Lgr5 C Progenitors from

considered statistically signi cant. Neomycin-Damaged and Undamaged
Cochleae
RESULTS To determine the expression pro les of the richly expressed
. . . genes in NLPs and ULPs, the expression levels and abundance
Neomycin Injury Signi cantly Increases the rankings of the most abundantly expressed genes were adalyze
HC Regeneration Ability of Lgr5 C Figure 4A shows the expression levels for the top 200 most
Progenitors abundant transcripts in ULPs (blue bars). The expressiondevel

Lgr5C progenitors can generate HCs in the neonatal mouséed bars) and the abundance rankings (red numbers) of the
cochlea bothin vivo and in vitro (Madisen et al., 2010; Chai same transcripts in NLPs are also illustrated for comparison.
et al., 201p Here we performed arn vitro lineage-tracing Similarly,Figure 4Bshows the 200 most abundant transcripts in
experiment by crossing Lgr5-EGFP-creER mice with the Rosa2BlLPs (red bars) compared to expression levels (blue bars) and
tdTomato reporter strain Rannier et al., 2009P1 Lgr5-EGFP- abundance rankings (blue numbers) of the same transcripts in
creER/Rosa26-tdTomato double-positive mouse cochleae wed-Ps. As shown in both gures, most of the transcripts that were
dissected out and cultured in full medium with 500 nM 40H- abundantly expressed in NLPs were also abundantly expressed in
tamoxifen to lineage trace the LgESprogenitors. The cochleae ULPs. HoweverGm10800Netl Gm284338Nr4al, Krtl8, Ler2
were damaged by neomycin as described in the Section Misteri@nd DpysI2(NLP rank> 1,000) were only richly expressed in
and Methods Figure 1A). We found that signi cantly more ULPs, andCdknla Ccngl and Suco(ULP rank> 1,000) were
tdTomato/Myo7a double-positive HCs were generated fronPnly richly expressed in NLPs.

NLPs compared to ULPs in all three turns of the cochlea ) )

(Figures 1B-0 p < 0.05,n = 4), suggesting that the Lggs  Differentially Expressed Genesin Lgr5 C
progenitors generated signi cantly more HCs after neomycinProgenitors from Neomycin-Damaged and

injury in vitro. Undamaged Cochleae

. . . . In order to characterize the genes that are signicantly
Neomycin Injury Increases the Proliferation di erentially expressed in NLPs and ULPs, we selected the
of Lgr5 C Progenitors, but Not Signi cantly di erentially expressed genes in NLPs and ULPs by comparing

To determine the capacity of Lggbprogenitors in the damaged their expression levels (fold change2.0,p < 0.05).Figure 5A

and undamaged cochleae to mitotically regenerate HCs, Ed&hows an overall picture of the expressed transcripts in NLESs an
was added to the culture medium from day O to day 4 ofULPs. We found 549 genes that were signi cantly upregulated
the culture Figure 2A). Consistent with previous reports, there and 1,817 genes that were signi cantly downregulated in the
were no tdTomat€/EdUC cells in the undamaged cochleaeNLPs. Figures 5B,Cshow the top 150 di erentially expressed
(Figures 2B,G. In contrast, tdTomat€/EdUC cells, which genes in ULPs and NLPs. Among these di erentially expressed
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x 3 Control (n=6)
Lgr5-EGFP-CreER / Od 1|d zld 3d 4d x @B Neomycin (n=4)

Rosa26-tdTomato I J

I 40H-tamoxifen I
@J»© »I |E ;; A0OH-tamoxifen I

Myo7a+ Tomato+ cells per turn

Neomycm

FIGURE 1 | In vitrolineage tracing of Lgr& cells in the neomycin-treated and untreated cochleae of pamatal mice. (A) 40H-tamoxifen was added to the culture
medium of P1 Lgr5-EGFP-creER/Rosa26-tdTomato mouse cochiae throughout the entire culture period. Neomycin was addeat 12 h after the start of the culture
and was allowed to incubate for 12 h, and the same amount of PBSvas added to the untreated cochlear culture medium for the sene amount of time. The cochleae
were examined after 4 days of culture(B,C) Images of the neomycin-treated and untreated cochleae showhat tdTomatoC/Myo7aC cells were found in the outer hair
cell subset (arrow) in the apical, middle, and basal turn§D) The cochleae were divided into three equal parts by length feex, middle, and base), and all of the
tdTomatoC/Myo7aC cells in each turn of the neomycin-treated cochleae and ungated cochleae were counted and statistically analyzedp*< 0.05, **p < 0.01, nis
shown in parentheses. Scale bars are 26mm in (B,C).

Control

Apex
Apex

Mid

Mid

Base
Base

genes, the functions of some genes have been reported prigviougnduce HC progenitors to re-enter the cell cycle and to mitalig
Fgfr3(Bermingham-McDonogh et al., 2001; White et al., 2012 regenerate HCs. In the present study, we have demonstrated
Egfr (Saleem and Siddiqui, 2019 rem2(Nadol et al., 201,  that neomycin injury could induce the proliferation of LgZ5
Alms1(Oshimaetal., 2007b; Jagger et al., 2aridLif (Marzella progenitors; however, the detailed mechanism behind this
et al.,, 1999; Su et al., 2Q1were upregulated in NLPs, while proliferative ability remains unclear. It has been reportedtth
Hesl Hes5(Zheng et al., 2000; Zine et al., 2001; Li et al., 2008pome of the cell cycle genes play important roles in the
Murata et al., 2009; Abdolazimi et al., 20deyl(Tateya et al., cochlea. To identify the possible genes regulating the cell
2011; Korrapati et al., 2013; Benito-Gonzalez and Doetelhof cycling of Lgr& progenitors, we examined the expression
2014; Petrovic et al., 20l3HeyL (Kamaid et al., 2000 1d1, levels of cell cycle genes in NLPs and ULPs. We found
Id2, and I1d3 (Ozeki et al., 2005; Jones et al., 2006; Lainthat Cdknla Mdm2, Tfdpl, and Weel were signi cantly

et al., 201pwere downregulated in NLPs. We did not nd any upregulated in NLPs and thafcne?2 Gadd45gNek2 Sfn and
functional reports for the other di erentially expressed gene Stmnlwere signi cantly downregulated in ULPg-igure 6A).

in the cochleae, and these should be further studied in th®eal-time PCR was also performed to con rm the RNA-seq

future. results, and these two results were consistarigyre 6D).
Only the roles ofCdknla (Laine et al.,, 2007; Laos et al.,
Cell Cycle Analysis 2019 and Mdm2 (Mahmoodian Sani et al., 20)Lén the

Cells in the postnatal mammalian cochlea have exited the cefiner ear have been described, and there are no reports of
cycle, and they have very limited capacity for proliferatiam. | the roles of the other cell cycle genes we identied in ULPs
order to promote mitotic HC regeneration, it is important to and NLPs.
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A B
Lgr5-EGFP-CreER / od 1d 2d 3d 4d EdU+ Tomato+ Control Neomycin P-value
Rosa26-tdTomato L ! 1 ! | per cochlea (n=5) (n=7)

»@»I [PBS]_40H-tamoxifen+EdU I D3 0.0 0.7 0.093
@/ [IReal 40t tamoxiten+Edy | PC 00 00 N/A
IPC 0.0 0.0 N/A
GER 0.0 0.0 N/A
C

Control

Neomycin

FIGURE 2 | EdU labeling measures the proliferation of LgiG cells in the neomycin-treated and untreated cochleae of pamatal mice. (A) 40H-tamoxifen and EdU
were added to the culture medium of P1 Lgr5-EGFP-creER/Rosa2tdTomato mouse cochleae throughout the culture period. Momycin was added at 12 h after the
start of the culture and was allowed to incubate for 12 h, andie same amount of PBS was added to the untreated cochleae cultre medium for the same amount of
time. The cochleae were examined after 4 days of culturgB) All of the tdTomatdC/EdUC cells found in the neomycin-treated cochleae and the untred cochleae
were counted and statistically analyzed. The D 0.093, n is shown in parentheses. D3, the third-row Deiters' cells; B, inner pillar cells; IPC, inner phalangeal cells;
GER, the lateral greater epithelial ridggC) Images of the neomycin-treated and untreated cochleae showtat tdTomatoC/EdUC cells were found in the
neomycin-treated cochleae (arrows). Scale bars are 26m in (B).

Transcription Factor Analysis MicroRNA Analysis

Transcription factors (TFs) are able to bind to enhancer omMicroRNAs (miRNAs) are untranslated RNAs that control gene
promoter regions of their downstream target genes and cdntraexpression by binding to target mRNAs. A few miRNAs have
their expression levels. There are many TFs involved in inndoeen reported to play important roles in HC protection and HC
ear development and HC regeneration. In the present studyggeneration {en et al., 1997; Li et al., 2010; Wang et al., 2010;
we have demonstrated that NLPs have signi cantly greater H®atel and Hu, 2012 We found that 149 miRNAs were uniquely
regeneration capacity compared to ULASgure 1, p < 0.05, expressed in ULPs, 151 miRNAs were uniquely expressed in
n = 4). However, the roles of a large number of TFs in theNLPs, and 59 miRNAs were expressed in both ULPs and
inner ear and in HC regeneration are unknown. To determineNLPs. Among these miRNAs, eight miRNAs were signi cantly
the TFs that might be involved in HC regeneration from LGr5 di erentially expressed in NLPs and ULP$ < 0.05, fold
progenitors, we compared the expression levels of TFs in thehange> 2;Figure 6C). Mir466i was upregulated in NLPs, while
mouse genome between NLPs and UUFgure 6B shows the Mir7007, mmu-mir-703 Mirl07, Mir361, Mir6918 Mir6982 and

88 signi cantly di erentially expressed TFs in NLPs and ULPsMir3099were downregulated in NLPs. These miRNAs have not
(fold change> 2, p < 0.05). Some of the TFs that were been characterized in the inner ear and need to be furthetistl
downregulated in NLPs, includingesl1HesXZheng et al., 2000; in the future.

Lietal., 2008; Murata et al., 2009; Abdolazimi et al., pHéyl

(Tateya et al., 2011; Korrapati et al., 2013; Benito-Gonzaldz Signaling Pathway Analysis

Doetzlhofer, 2014; Petrovic et al., 2D1HeyL (Kamaid et al., A few signaling pathways have been shown to be involved
2010, 1d1, 1d2, and Id3 (Ozeki et al., 2005; Jones et al., 2006y jnner ear development and HC regeneration. To determine
Laine et al., 200)Qhave been reported to play roles in negativelyyhich pathways might be involved in regulating HC regenenati
regulating HC fate and patterning regulation during innemea fom Lgr5C progenitors, we compared the expression of genes
development Eigure 6B). Real-time PCR was also performedjnyolved in these pathways between the NLPs and ULPs. The
to conrm the RNA-seq results, and these two results wergnost signi cantly di erent expression was in genes involved
consistent kigure 66). However, a signi cant number of the iy the Notch and TG pathways. Among the Notch signaling
di erentially expressed TFs have not been characterized thgenes examined heréjes]l Hes5 Heyl Heyl, and Notch4
inner ear before and need to be further studied in the future.  \yere all signi cantly downregulated in NLPs compared to ULPs
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FIGURE 3 | FACS sorting of Lgr&C cells in the neomycin-treated and untreated cochleae of pasatal mice. (A,B) Neomycin was added for 12 h to the P1
Lgr5-EGFP-creER/Rosa26-tdTomato mouse cochleae, and theame amount of PBS was added to the untreated cochlear culturenedium for the same amount of
time. After a 24 h recovery period, the cochleae were trypsined and dissociated into single cells for FACS sortingC) PCA analysis for all three replicates of NLPs
(Neol, Neo2, Neo3) and ULPs (Con1, Con2, Con3)D) Venn diagram showing the number of genes expressed in NLPs @dmycin) and ULPs (Control).

(Figure 7A). Among the TGIb pathway geneg,fdplandBmpr2  were downregulated in NLPs-igure 7B). Among the Hippo
were upregulated, whilell, Id2, andld3 were downregulated in  pathway gene&mpr2 Wnt7a, andFzd7were upregulated, while
NLPs Figure 70. Among the Wnt pathway genegynt7aand 1d1, Id2, and 1d3 were downregulated in NLPs~igure 7D).
Fzd7were upregulated, whilgfrp1 Ctnnbipl Mapk1Q andDkk2 Real-time PCR was also performed to conrm the RNA-seq
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FIGURE 4 | Expression levels of the top 200 genes in NLPs and ULP$A) Expression levels of the top 200 genes in ULPs in descendingrder. The red numbers on
the right side of each panel represent the ranking of the samgenes in NLPs.(B) Expression levels of the top 200 genes in NLPs in descendingrder. The blue
numbers on the right side of each panel represent the rankingf the same genes in ULPs. p < 0.05, **p < 0.01.

results, and these two results were consist&igure 78. The Gene Ontology and Network Analysis of
di erential expression of genes in the Notch, TGFWnt, and the Genes That Are Differentially Expressed

Hippo pathways suggests that these pathways might be inV0|V?H Lgr5 C Cells from Neomycin-Damaged
in neomycin-induced HC regeneration. Some studies havevsho
and Undamaged Cochleae

that the Notch and Wnt pathways regulate the developmen
of inner ear progenitor cellsChai et al., 2012; Kelly et al., To view the interactions and connections of genes that are
2019. Thus, although the TGFand Hippo pathways are not di erentially expressed in NLPs and ULPs, we constructed a
well-studied they are probably the pathways that regulate HSTRING protein-protein interaction network for the signi céy
regeneration. di erentially expressed genes (fold charge2.0,p < 0.05) with
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FIGURE 5 | Differentially expressed genes in NLPs and ULP$A) All differentially expressed genes in NLPs and ULPs. The rdidie represents the expression level of
transcripts from NLPs, and each blue dot represents the exmssion level of the same transcript from ULPS(B) The 150 most differentially expressed genes in ULPs.
The blue numbers on the right side of each panel represent thgene expression fold change in ULPs compared to NLPs(C) The 150 most differentially expressed
genes in NLPs. The red numbers on the right side of each paneépresent the gene expression fold change in NLPs compared t&JLPs.

the functional categories in the gene ontology (GO) analysialso applied GO analysis to genes with altered expression levels
(DAVID; Figure 8B). This comprehensive analysis revealed an NLPs (fold change 2.0,p< 0.05;Figure 8A). The genes with
complex gene network that might regulate HC regeneration. Waltered expression in NLPs were highly enriched in functlona
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FIGURE 6 | Expression of cell cycle-related genes, TFs, and miRNA$A) Expression levels of 60 genes that are involved in cell cyctegulation. (B) Fold change
expression levels of differentially expressed transcriph factors in descending order.(C) Expression levels of 57 microRNAs expressed in the cochledn all three
panels, the red and blue numbers separately represent the fd change in upregulated and downregulated gene expressiom NLPs compared to ULPs. p < 0.05,
*p < 0.01. (D) Real-time PCR analysis of the cell cycle genegE) Real-time PCR analysis of the TFs reported in the inner eap ¥ 0.05, **p < 0.01.nD 3.

categories such as auditory receptor cell fate determinatio ULPs are not well-understood. Here, we found that NLPs show
neuron fate determination, signaling, and extracellulartiixa much greater capacity for HC regeneration than ULPs and that

formation and maintenance. NLPs have slightly greater proliferation than ULPs. We cadrrie
out RNA-seq experiments to analyse the detailed gene expnessio
DISCUSSION pro le of NLPs and ULPs. We rst analyzed the top 200 most

abundant genes and top 150 most di erentially expressed genes
The LgrgC cells of the cochlea are reported to be an enrichedn NLPs and ULPs, and we found 9 cell cycle genes, 88 TFs, and
population of HC progenitors that have high potential for 16 signaling pathway genes that were di erentially expressed in
HC regeneration. Previous studies have shown that Cgr5 NLPs and ULPs. Some of the di erentially expressed genes have
progenitors regenerate more HCs upon daméageitro andin ~ been reported to be involved in inner ear development and HC
vivo, but the detailed mechanisms behind NLP HC regeneratiofiegeneration in neonatal mice. However, many of the otheege
and the gene expression pro le di erences between NLPs an#@hich might be potential targets regulating HC regeneration
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FIGURE 7 | Expression of genes in the Notch, Wnt, TGP, and Hippo signaling pathways.(A) Expression levels of 32 genes that are important for the Notcsignaling
pathway. (B) Expression levels of 105 genes that are important for the Wrdignaling pathway.(C) Expression levels of 59 genes that are important for the TGF
signaling pathway.(D) Expression levels of 80 genes that are important for the Higpsignaling pathway. In all four panels, the red and blue numbe separately

represent the fold change in upregulated and downregulatediene expression in NLPs compared to ULPs.fj < 0.05, **p < 0.01. (E) Real-time PCR analysis of the

signaling pathway genes. p < 0.05, **p < 0.01. n D 3.
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FIGURE 8 | Gene ontology (GO) and network analysis of the differentiplexpressed genes in NLPs and ULPs(A) GO analysis of differentially expressed genes in
NLPs and ULPs.(B) STRING protein-protein interaction analysis of genes thatra upregulated (red) and downregulated (blue) in NLPs. Theay lines indicate
protein-protein interactions in the STRING database. The DAD GO annotation was used to cluster the genes according to biogical function.
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TABLE 1 | Real-time PCR primers.

Gene symbol Primers (5 0—30) Gene symbol Primers (5 0—3‘5

Hes1-F CCAGCCAGTGTCAACACGA Nek2-F TTCCATCCTCAGCCATGAAG
Hesl-R AATGCCGGGAGCTATCTTTCT Nek2-R CCTGCACTTGGACTTGSE
Hes5-F AGTCCCAAGGAGAAAAACCGA Sfn-F GTGTGTGCGACACCGTACT
Hes5-R GCTGTGTTTCAGGTAGCTGAC Sfn-R CTCGGCTAGGTAGCGGTAG
Heyl-F GCGCGGACGAGAATGGAAA Stmn1-F TCTGTCCCCGATTTCCCCC
Heyl-R TCAGGTGATCCACAGTCATCTG Stmnl-R AGCTGCTTCAAGAITGC
HeyL-F CAGCCCTTCGCAGATGCAA Notch4-F CTCTTGCCACTCAATTCCT
HeyL-R CCAATCGTCGCAATTCAGAAAG Notch4-R TTGCAGAGTTGGAWCCTG
1d1-F CCTAGCTGTTCGCTGAAGGC Bmpr2-F TTGGGATAGGTGAGAGTCEA
1d1-R CTCCGACAGACCAAGTACCAC Bmpr2-R TGTTTCACAAGATTGATGICC
1d2-F ATGAAAGCCTTCAGTCCGGTG Wnt7a-F GGCTTCTCTTCGGTGGTAG
1d2-R AGCAGACTCATCGGGTCGT Wnt7a-R TGAAACTGACACTCGTCCAGG
1d3-F GACGACATGAACCACTGCTAC Fzd7-F GCCACACGAACCAAGAGGAC
1d3-R CCTGGCTAAGCTGAGTGCC Fzd7-R CGGGTGCGTACATAGAGCATAA
Cdknla-F CCTGGTGATGTCCGACCTG Sfrpl-F CAACGTGGGCTACAABBAT
Cdknla-R CCATGAGCGCATCGCAATC Sfrpl-R GGCCAGTAGAAGCCGBAAC
Mdm2-F TGTCTGTGTCTACCGAGGGTG Ctnnbipl-F GCCACAGCACTCTBGAC
Mdm2-R TCCAACGGACTTTAACAACTTCA Ctnnbip1-R GTCTCCGATCBAAAACGC
Tfdpl-F TTGAAGCCAACGGAGAACTAAAG Mapk10-F AAGCCAGGGATGTTGTCTAAG
Tfdpl-R TGGACTGTCCGAAGGTTTTTG Mapk10-R GGATGGAGGGAGACTCACT
Weel-F GTCGCCCGTCAAATCACCTT Dkk2-F CTGATGCGGGTCAAGGAA
Weel-R GAGCCGGAATCAATAACTCGC Dkk2-R CTCCCCTCCTAGAGAGGRT
Ccne2-F ATGTCAAGACGCAGCCGTTTA Wwirl-F CATGGCGGAAAAAGZTTCC
Ccne2-R GCTGATTCCTCCAGACAGTACA Wwitrl-R GTCGGTCACGTCAIBACTG
Gadd45g-F GGGAAAGCACTGCACGAACT Ppp2r2b-F TGCCTTATATCCAGACCTCCA
Gadd45g-R AGCACGCAAAAGGTCACATTG Ppp2r2b-R AATGTCAGCTRAGTATGGCAG

have not been well-studied and need to be further studiedhen t (Bermingham-McDonogh et al., 2001; White et al., 201if
future. controls neural dierentiation and maintenance of stem cell-
derived murine spiral ganglion neuron precursorsigrzella

. . . et al.,, 1999; Su et al., 201Hes] Hes5 Heyl and HeyL
Dlﬁerentla"y Expressed Genes in NLPs and are downstream e ectors of the Notch pathway and have
ULPs been reported to negatively regulate HC di erentiation and
We have demonstrated that NLPs are able to regenerate mafygenerationZheng et al., 2000; Zine et al., 2001; Li et al., 2008;
more HCs than ULPs, which has been reported previously yrata et al., 2009; Abdolazimi et al., 2)1&1, 1d2, and 1d3
(Bramhall et al., 2094 To determine the detailed mechanismsgre downstream targets of the TBRNnd Hippo pathways and
behind this di erence, we Compared the eXpreSSiOﬂ levels of all regu|ate HC formation during inner ear deve|0pmerﬁ)1eki

the transcripts in NLPs with those of ULPs. We identi ed 549¢t a|., 2005; Jones et al., 2006; Laine et al., 2010; Zhar2éta).
genes that were signi cantly upregulated and 1,817 genets th@hese results support our hypothesis that NLPs have a much
were signi cantly downregulated in the NLPs compared to thegreater potential to generate HCs in the neonatal cochlea tha
ULPs. The functions of some of the di erentially expressed geney|_ps. However, it should be noted that not all of the di ereritja
have been reported previousligfr governs the regenerative expressed genes that we identi ed have been characterized, s

proliferation of auditory p7& SCs in birds and mammals after there might still be mechanisms at work that we are not yet
HC damage $aleem and Siddiqui, 20jl5Mutation of Fgfr3  gware of.

causes hearing loss and inner ear defects and might be edolv

in regulating the proliferation of SC8ermingham-McDonogh Cell Cycle Analysis

et al., 2001; White et al., 2012Mutations in Frem2 have Mammalian cochlear SCs do not enter the cell cycle or proliéerat
been linked to Fraser's syndrome, which is a rare autosomalfter birth under normal circumstances. We demonstrated tha
recessive disorder with a spectrum of malformations, intclgd Lgr5C progenitors that re-enter into cell cycle and proliferate
malformations of the earNadol et al., 201 Mutations in  could be found in the neomycin-damaged cochlea, but no such
Almslcause Alstrom's syndrome, which is an autosomal recessieells could be found in the control group. To identify the
syndromic genetic disorder with sensorineural hearingslospossible genes regulating the cell cycling of ypFogenitors,
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we compared cell cycle gene expression in NLPs and ULP&016, andDmrtl (Krentz et al., 2009; Zou et al., 2(,lldave been
Tfdp1(Vairapandi et al., 2002; Yasui et al., 2003; Lu et al.,)201Geported to play critical roles in negatively regulating cancell
which was upregulated in NLPs, is a positive regulator of thand stem cell growth in other tissues. The involvement oféhe
cell cycle, whilesGadd45gand Sfn which were downregulated genes in the di erential HC regeneration capacity of NLPs and
in NLPs, are negative regulators of the cell cydlel (et al., ULPs should be investigated in the future.

2010; Aktary et al., 2013; Vogel and Herzinger, 2013; Phah,et

2019. However,Cdknla(Duan et al., 2005; Laine et al., 2007;MicroRNA Analysis

Mollapour et al., 2010; Laos et al., 2)Weel (in et al., 2006; miRNAs bind to target mMRNAs and signal their degradation, and
Tominaga et al., 2006; De Schutter et al., 2007; Frum et athey play a key role in the control of gene expression and the
2009, andMdm2 (Helps et al., 2000; Giono and Manfredi, 2007 regulation of cellular di erentiation, proliferation, and aptosis.
Shangary et al., 20p8which were upregulated in NLPs, have Several miRNAs have been reported to play important roles in
been reported to play roles in regulating cell proliferationdan inner ear developmentJén et al., 1997; Li et al., 2010; Wang
Nek2(Schultz et al., 1994; Fry et al., 1995; Nabilsi et al., 2018t al., 2010; Patel and Hu, 201®%e found eight signi cantly

He et al., 201} Stmn1(Johnsen et al., 2000; Wang et al., 2011di erentially expressed microRNAs in NLPs and ULPs €

Li X. etal., 2015; Guo et al., 2016; Zhou et al., 20d8dCcne2 0.05, fold change 2). Mir466i was upregulated in NLPs, while
(Chenetal., 2015; Clausse et al., 2016; Gorjala et al), WHiéh ~ Mir7007, mmu-mir-703 Mir107, Mir361, Mir6918 Mir6982 and
were downregulated in NLPs, have been reported to negativeMir3099 were downregulated in NLPs. Among these miRNAs,
regulate cell proliferation. Interestingly, these gen€gkhla Mirl07 (Chenetal., 2013; Song et al., 2015; Xia et al., 2016; Yang
Mdm2, Weel Nek2 Stmnl andCcne2 are all involved in p53- et al., 201pand Mir361 (Wu et al., 2013; Jacques et al., 2014;
dependent cell cycle arrestrfy et al., 1995; Giono and Manfredi, Chen et al., 2016; Sun et al., 2Phéve been reported to suppress
2007; Kiernan, 2013; Clausse et al., 2016; Zhou et al., 20fimor growth and stem cell growth. However, none of the eight
Laos et al., 20)7and the changes in expression of these genariRNAs have been reported previously in the inner ear and need
might be because neomycin injury also slightly activatesah3  to be further studied in the future.

pathway in Lgr& progenitor cells. The expression changes of

Tfdp1, Gadd45gandSfnpromote cell cycle progression, while the Signaling Pathway Analysis

expression changes 6fdknla Mdm2, WeelNek2 Stmnl and  Several signaling pathways have been shown to be involved in
Ccne2epress cell cycle progression, which might be the reasdnner ear development and HC regeneratidviglgrange et al.,

for the lack of signi cant proliferation in the neomycin tréed  2002; Yamamoto et al., 2006; Bermingham-McDonogh and Reh,

cochleae. 2011; Chai et al., 2012; Kelly et al., 20Atnong these signaling
o _ pathways, Wnt and Notch are the two most well-studied
Transcription Factor Analysis pathways in HC regenerationBermingham-McDonogh and

TFs, which bind to the promoter region of their downstream Reh, 2011; Chai et al., 2012; Kelly et al., Y00%erexpression
target genes and regulate gene expression, are importantgactof Wnt increases SC proliferation and L@%ell clustering and
involved in development, cell proliferation, di erentiatiopmnd leads to increased numbers of EGILgr5-EGFRC cells ¢hao
other cellular functions.Hesl Hes5 Heyl and HeyL are et al.,, 2006; Madisen et al., 2010; Chai et al., 2012; Bohfienpo
downstream e ectors of Notch signaling, which is a well-kmow et al., 201} Inhibition of Notch signi cantly increases HC
signaling pathway regulating HC fate and patterniiig(grange  di erentiation from SCs/Lgr& progenitors {(lalgrange et al.,

et al., 2002; Li et al., 2003; Saito et al., 2009; Hartman.,et &002; Saito et al., 2009; Hartman et al., 2010; Pan et a0, 28dn
2010; Kamaid et al., 2010; Pan et al., 2010; Jeon et al), 20Et al., 201). Notch inhibition also increases HC regeneration
and inhibition of Notch induces signi cant HC regeneratian  through induction of the Wnt pathwayl( et al., 200R Other
newborn mice (i et al., 2003; Kamaid et al., 201@d1, Id2, pathways, such as Shhi( et al., 2002; Loh et al., 20]Hippo
and|d3 (inhibitors of di erentiation and DNA binding) regulate (Murillo-Cuesta et al., 20)5and TGk (Kawamoto et al., 2003;
HC formation during development by negatively regulatingButts et al., 2005; Yang et al., 2009; McLean et al.,)2@also
Atohl (Ozeki et al.,, 2005; Jones et al., 2006; Laine et gplay importantroles ininner ear development. In a recent report
2010; Zhan et al., 20).7These data support our hypothesisa TGF receptor inhibitor increased Lg€5 cell expansionn

that these TFs participate in the increased HC regeneration afitro (Du et al., 2018 To determine which pathways might be
NLPs. Furthermore, we have identi ed many TFs that have notnvolved in regulating HC regeneration from LgE5progenitors,
been characterized in the inner ear befoferoxs (Calderon we examined the di erences in expression of pathway-related
et al., 201p, Lcor(Yu et al., 2014 N I3 (Seillet et al., 2014a,b; genes that might play a role in inner ear development between
Malishkevich et al., 20)5Adnp (Nakajima et al., 2008; Oz et al., the NLPs and ULPs.

2012, and Tfdpl (Vairapandi et al., 2002; Yasui et al., 2003; Lu Hes1 Hes5 Heyl HeyL, and Notch4are genes of the Notch

et al., 201pwere upregulated in NLPs, and these genes have alignaling pathway, which is a well-known signaling pathway
been shown previously to have a stimulatory e ect on the celtegulating HC fate and patterningZbeng et al., 2000; Zine
cycle or on the growth of some tumor cells and some normallyet al., 2001; Zine and de Ribaupierre, 2002; Li et al., 2008;
proliferative tissues and/or on neurodevelopment and lymphoi Murata et al., 2009; Tateya et al., 2011; Korrapati et al.,;2013
cell development. Some of the TFs that were downregulated idu et al., 2014; Petrovic et al., 2015; Abdolazimi et al.6R01
NLPs, includingesx1(Asanoma et al., 20)Bhlhe4XCui etal., and were signi cantly downregulated in NLPs. Inhibition of

Frontiers in Molecular Neuroscience | www.frontiersin.gr 14 July 2017 | Volume 10 | Article 213



Zhang et al. Characterization of Cochlear Progenitor Cell Transcriptoes

Notch can lead to HC regeneration mainly by inducing SCs taoles of these genes and the Hippo pathway in HC regeneration
transdi erentiate into HCs (algrange et al., 2002; Saito et al.,remain unclear and need to be studied in the future.

2009; Hartman et al., 2010; Pan et al., 2010; Jeon et al).2011

Although, there is no direct evidence for regulating HC fatel STRING Prediction of Inner Ear HC
patterning,HeyL is thought to be a target and potential Notch Development

e ector of Notch signaling amaid etal., 2010; Bui etal., 2017 \ye ysed the GO analysis to determine the functional categorie
Notchdis involved in the migration and invasion of several kinds ¢ the i erentially expressed genes in NLPs and ULPs, and

of cancersi{lelchor et al.,, 2009; Qian et al., 216 the STRING database was used to construct a protein-protein

Five genes of the TGfpathway were di erentially expressed. jnteraction network for the dierentially expressed genes.
TidplandBmpr2were upregulated, whillel, 1d2, andld3were  \hortantly, NLPs and ULPs have very di erent expressions of
downregulated in NLPdd1, 1d2, andld3 regulate HC formation  genes involved in inner ear development, neuron di erentiatj
during development by negatively regulating Atolilzeki etal.,  gignajing pathways, and extracellular matrix. Among the
2005; Jones et al., 2906; Laine etal., 2010; Zhan et al), Pfaipd enes involved in inner ear developmeRgfr3(Bermingham-
encodes a TF that binds to the promoter regions of a number oﬁchonogh et al., 2001; White et al., 201Egfr (Saleem and
genes whose products are involved in cell cycle regulatidn or Siddiqui, 2015 Frem2 (Nadol et al., 2015 Alms1 (Oshima
tumor proliferation (Vairapandi et al., 2002; Yasui et al., 2003; Liyy; ). 2607b' Jagger et al., 20%Enhd L}f (Marzella et al., 1999;
S.etal, 2016; Lu et al., 291Bmpr2encodes a member of the g, ¢t 1. 2015 which are all positively involved in inner ear
bone morphogenetic protein receptor family of transmembrange,ejopment and HC di erentiation, were upregulated in NLPs.
serine/threonine kinases that play important roles in ster ce Hes1 Hes5(Zheng et al., 2000: Zine et al., 2001; Li et al., 2008:
di erentiation (Zeng et al., 2012; Larabee e_t al., 2015; Rar_nomurata et al., 2009; Abdolazimi et al., 2)i8ey1(Tateya et al.,
Solano et al., 20)5The roles of these genes in HC regenerationyq 1. Korrapati et al., 2013; Benito-Gonzalez and Doetahofe
remain unclear and need to be studied in the future. 2014; Petrovic et al., 208HeyL (Kamaid et al., 2030 Id1

Six genes of the Wnt pathway were di erentially expressedqy and|d3 (Ozeki et al., 2005; Jones et al., 2006; Laine et al.,
Wnt7a and Fzd7 were upregulated, while&Sfrpl Ctnnbipl, 5010 which all negatively regulate inner ear development and
Mapk1Q andDkk2were downregulated in NLP®nt7a a gene ¢ i erentiation, were downregulated in NLPs. It would be

codin.g for one of the V.V"t, gene<C(iu et al., 2010; Qu et al., jnteresting to investigate the involvement of these gemes i
2013; King et al., 2015; Qiu et al., 2)1&nd Fzd7 (Sienknecht eqylating HC regeneration of Lg€5 progenitor cells in the
and Fekete, 2008; Yang et al., 2011; Song et al., 2014; Dgi@re.

et al, 2015; Wang K. et al., 2Ql®ne of the Wnt protein In summary, we found that NLPs have a greater capacity

receptors, were both upregglated _in NLPs and have been reportggl regenerate HCs and a slightly greater capacity to proliéerat
previously to be expressed in the inner eafeng K. etal., 2005 compared to ULPs. We investigated the dierences in the

Wnt7a and Fzd7are both reported to induce cell proliferation transcriptomes between the NLPs and ULPs, and we identi ed
and di erentiation in other tissues and cell typeSi¢nknecht geoyera) di erentially expressed genes that might regulage th
and Fekete, 2008; Chiu et al., 2010; Yang et al., 2011; Sofigjity of LgrsC progenitor cells to proliferate and to regenerate
et al., 2014; Deng et al., 2015; King et al., 2015; Qiu €l &ynctional HCs. Lastly, to further analyze the interactions
2019, but their roles in the inner ear remain unclear and 5py connections of the dierentially expressed genes in
need to be further studied in the futuréSfrpl which codes ¢ regeneration, we constructed a STRING protein-protein
for a secreted Wnt antagonist that directly interacts WithW jeraction network. The transcriptomes of the NLPs and ULPs

ligand (Satoh et al., 2008; Lee et al, 2010; Tong et al.)2015sported here provide numerous target genes that should be
is downregulated in NLPsCtnnbipl, which is downregulated n4racterized for HC regeneration in the future.

in NLPs, encodes a protein that negatively regulates Wnt
signaling by preventing the interaction betwebstatenin and
TCF/LEF family membersQuo et al., 2015; Qi et al., 2015; LIAUTHOR CONTRIBUTIONS

and Luo, 201y, MapklQ a target of miR-27a-3p, is envolved .
in nasopharyngeal carcinoma cell proliferation and migmatio SZ, HS, XG and RC designed the study. SZ, YZ, HZ, LG, XX,

(Phillips et al., 2011 Dkk2, which is downregulated in NLPs, XCZ, and JQ performed the laboratory experiments. RC, SZ,

encodes a protein that antagonizes canonical Wnt signaling B Y: YZ: XLZ, XQ, FC, HS, XG, YH, and YL contributed to

inhibiting LRP5/6 interactions with Wnti(lukhopadhyay et al., critical discussion and data analysis. SZ, MW, HS, and XG and
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