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SUMMARY
In mammals, hearing loss is irreversible due to the lack of regenerative potential of non-sensory cochlear
cells. Neonatal cochlear cells, however, can grow into organoids that harbor sensory epithelial cells,
including hair cells and supporting cells. Here, we purify different cochlear cell types from neonatal mice, vali-
date the composition of the different groups with single-cell RNA sequencing (RNA-seq), and assess the
various groups’ potential to grow into inner ear organoids. We find that the greater epithelial ridge (GER), a
transient cell population that disappears during post-natal cochlear maturation, harbors the most potent or-
ganoid-forming cells. We identified three distinct GER cell groups that correlate with a specific spatial distri-
bution of marker genes. Organoid formation was synergistically enhanced when the cells were cultured at
increasing density. This effect is not due to diffusible signals but requires direct cell-to-cell contact. Our find-
ings improve the development of cell-based assays to study culture-generated inner ear cell types.
INTRODUCTION

The ability to hear critically depends on the function of a few

thousand sensory hair cells inside the cochlea. Noise exposure,

certain drugs, aging, and various genetic predispositions

contribute to the demise of hair cells, which is the leading cause

of sensorineural hearing loss (Brigande and Heller, 2009; Wu

et al., 2020). Hair cells are associated with non-sensory cells,

such as the anatomically distinct supporting cells of the organ

of Corti and the less characterized cell types that make up neigh-

boring tissues. Whereas the non-sensory cochlear cells of non-

mammalian vertebrates display robust regenerative potential

(reviewed in Janesick and Heller, 2019), their mammalian coun-

terparts are quiescent, which is the principal reason why hearing

loss is an irreversible disorder.

Although cochlear hair cell regeneration does not occur in

adult mammals, the neonatal mouse cochlea shows limited

and transient regenerative potential that can be attributed to

non-sensory cells. Neonatal cochlear supporting cells are mitot-

ically quiescent unless cochlear cell death activates their limited

regenerative ability (Bramhall et al., 2014; Cox et al., 2014; Hu

et al., 2016; Shi et al., 2013). This ability becomes apparent

when the neonatal cochlear duct is dissociated and the individ-

ual cells are cultured in non-adherent conditions. Dissociated

cochlear duct cells grow into spherical organoids that contain

proliferating otic progenitors, which can be expanded and differ-

entiated into inner ear supporting and hair cell-like cells (Mal-

grange et al., 2002; Oshima et al., 2007; Sinkkonen et al.,

2011). The organoid-generating potential of cochlear duct cells
C
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is limited to the first 2 neonatal weeks and does not exist in the

adult cochlea (Oshima et al., 2007; White et al., 2006). Addition-

ally, the potential of some distinct non-sensory cochlear cell

types to form organoids has previously been assessed, revealing

that different cell groups differ in proliferative capacity and ability

to give rise to hair cell marker-expressing cells (Chai et al., 2012;

Doetzlhofer et al., 2006; Shi et al., 2012; Sinkkonen et al., 2011;

White et al., 2006; Zhang et al., 2018).

We used fluorescence-activated cell sorting (FACS) to isolate

different non-sensory cell groups, and we validated the compo-

sition of these groups with single-cell RNA sequencing (RNA-

seq). We found that single-pass FACS is reasonably accurate

but varies with different transgenic marker combinations and

gating strategies. Here, we provide as a resource the single-

cell RNA-seq profiles of all major cell types of the post-natal

day 2 (P2) mouse organ of Corti and neighboring tissues, as

well as metadata on their transgenic origin. Comparison of

the organoid-formation capacity of different non-sensory cell

groups using various media supplements showed that a

recently identified combination of growth factors, signaling

pathway modulators, and epigenetic modifiers (McLean et al.,

2017) has the most profound organoid formation effect on

non-sensory cochlear duct cells. We found that the organoid-

formation capacity of cochlear duct cells prominently depends

on the density of the cultured cells. At higher density, the cells

of the greater epithelial ridge (GER), a transient neonatal cell

group located medial to the inner hair cells and their surround-

ing supporting cells, displayed a synergistic organoid-formation

ability. We determined that the mechanism for a robust
ell Reports 34, 108646, January 19, 2021 ª 2020 The Author(s). 1
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expansion of GER cells requires cell-cell contact and does not

depend on diffusible factors. We surmise that the capacity of

GER cells can be further exploited for the future development

of cell-based bioassays (Roccio and Edge, 2019).

RESULTS

Effective culture conditions for the generation of inner
ear organoids
To identify the most efficient cell culture condition for organoid

formation from cochlear non-sensory cells, we compared com-

binations of growth factors and small molecules based on previ-

ously reported media supplements that promote three-dimen-

sional colony formation (Figure 1A) (Li et al., 2003a; McLean

et al., 2017; Oshima et al., 2007; Sinkkonen et al., 2011). Earlier

reports noted that the morphology of organoids that form after

1-week cultures varies from solid round to hollow configurations

(Diensthuber et al., 2009; Oshima et al., 2007). Most organoids

initially are of the solid type and eventually become single-

layered hollow spheres of differentiated flat cells via intermediate

stages with increasing vacuoles devoid of cells. Solid-type orga-

noids harbor significantly more cycling cells and contain more

cells that express otic progenitor markers compared with hollow

and transitional types, indicating that progenitor cells with stem

cell capabilities are associated with the solid morphology (Dien-

sthuber et al., 2009). Therefore, our initial goal was to determine

the most effective way to generate large solid-type organoids

from neonatal cochlear cells while preventing their transition to

the hollow configuration.

Without adding growth factors and small molecules, we quan-

tified 64 ± 6.5 organoids that formed from 25,000 dissociated P2

organ of Corti cells after 7 days in non-adherent culture condi-

tions (Figures 1A–1C). Addition of epidermal growth factor

(EGF), fibroblast growth factor 2 (FGF2), and insulin growth fac-

tor 1 (IGF1) (EFI) (Li et al., 2003a) doubled the number of organo-

ids, and adding heparan sulfate (Oshima et al., 2007) further

increased organoid numbers. The histone deacetylase (HDAC)

inhibitor valproic acid (V) in combination with a glycogen syn-

thase kinase 3 (GSK-3) inhibitor (CHIR99021 = C) (McLean

et al., 2017) was equally effective in enhancing organoid forma-

tion (Figures 1B and 1C). Supplementing a stable form of vitamin

C (2-phospho-L-ascorbic acid = P) and an inhibitor of transform-

ing growth factor b (TGF-b) receptor 1 (2-(3-(6-methylpyridin-

2-yl)-1H-pyrazol-4-yl)-1,5-naphthyridine = M), which are both

parts of a previously optimized concoction to enhance cochlear

colony formation (McLean et al., 2017), did not further increase
Figure 1. Optimization of organoid culture conditions

(A) Process of P2mouse cochlear cell dissociation and suspension culture. Dissoc

adherent culture. For comparing different media supplements, dissociated cells w

1–7 are listed in the table.

(B) Representative organoids that formed after 7 days in culture. Conditions 1–7

(C and D) The number of organoids (C) and the ratio of the three organoid morph

(SD) of triplicate experiments.

(E) Colonies generated from organoids after 21 days in cultures supplemented w

colonies grown from hollow-type organoids (a, b1, and b2). The supporting cell/ot

detected in colonies grown from solid-type organoids (c, d1, and d2). Asterisks in (

bars: 500 mm (a); 20 mm (b1 and b2); 500 mm (c); and 20 mm (d1 and d2).
the number of organoids generated after 7 days in non-adherent

culture (Figure 1C).

After classifying organoid morphologies, we found that the

combination of EFI with C, V, P, and M resulted in the most

robust formation of solid-type organoids and almost complete

suppression of hollow-type organoids (EFI_CVPM, condition 5;

Figures 1B and 1D). A more extensive screen for additional sup-

plements did not identify any single compound that would

achieve similar or increased organoid formation capabilities as

CVPM plus growth factors (Figures S1A–S1D). EFI_CVPM has

previously been described for expansion of neonatal cochlear

supporting cells (McLean et al., 2017), and we conclude that

this condition is the most effective of the tested conditions in

promoting and preserving a progenitor state in organ of Corti

cell-derived colonies because it leads to the formation of large

solid organoids and suppresses their transition into a hollow

morphology. To support this conclusion, we tested whether

the organoids grown in EFI_CVPM are capable of differentiating

into hair cell marker-expressing cells by transferring individual

organoids onto an adherent culture substrate and maintaining

the adherent colonies for 14 days in the same media used for or-

ganoid formation (Figure 1A). We found that myosin 7a-positive

cells, reminiscent of hair cells, differentiated only in colonies

grown from solid EFI_CVPM-derived organoids when compared

with hollow-type organoids grown in the same conditions

(Figure 1E).

Organoid formation capacity differs among supporting
cell subtypes and depends on cell density
Wenext compared the organoid formation capacities of different

neonatal cochlear non-sensory cell subgroups in EFI_CVPM-

supplemented suspension cultures. Sox2-GFP mice were uti-

lized to FACS-enrich all supporting cells and GER cells (Figures

2A and 2D; Figure S2A). A more delimited group of supporting

cells consisting of Deiters’, inner border, inner phalangeal, and

outer pillar cells was isolated from Lfng-GFP mice (Maass

et al., 2016; Figures 2B and 2E; Figure S2A). Combining Sox2-

GFP, Fgfr3-CreERT2, and Ai14-tdTomato alleles (Waldhaus

et al., 2015) enabled us to isolate four distinct groups of cells

with different intensities of GFP and tdTomato expression, gated

as G1–G4 (Figures 2C and 2F; Figure S2A).

GFP-expressing cells isolated from Sox2-GFP cochlear ducts

generated 4.1 ± 2.1 organoids when cultured in a volume of

200 mL at a density of 2.5 cells/mL media (Figure 2G; Table S1).

Lfng-GFP-positive cells gave rise to three times more organoids,

indicating an increased proliferative capacity of supporting cells
iated cells are cultured for 7 days to generate organoids, followed by 14 days of

ere plated at 50 cells/mL density in 24-well dishes (25,000 cells/well). Conditions

are shown. Scale bars: 200 mm.

ologies (D) after 7 days in culture. Shown are the means ± standard deviations

ith EFI_CVPM (condition 5). Myosin 7a-expressing cells were not detected in

ic progenitor cell marker Sox2 was detected. Myosin 7a-expressing cells were

a) and (c) highlight the regions shownmagnified in (b1), (b2), (d1), and (d2). Scale
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Figure 2. Organoid formation by cochlear cell groups at different cell densities

(A–C) Fluorescent reporter gene expression in P2 organ of Corti vibratome sections of Sox2-GFP (A), lunatic fringe (Lfng)-GFP (B), and Fgfr3-iCreERT2/

Ai14tdTomato/Sox2-GFP (C) mouse strains. Scale bars: 50 mm. Schematic drawings illustrate the different cell groups for each mouse line.

(D–F) FACS plots (left: dot plots; right: zebra plots) and gates applied for cell isolation: Sox2-positive gate (G_Sox2) (D), Lfng-positive gate (G_Lfng) (E), and gates

1–4 (G1–G4) defined by different levels of GFP and tdTomato expression using Fgfr3-iCreERT2, Ai14-tdTomato, and Sox2-GFP triple-transgenic mice (F). We

expected that G_Sox2 represents all supporting cells and some GER cells. G_Lfng should consist of DCs, OPCs, IPHs, and IBCs. G1–G4 were expected to

discriminate among all Sox2-GFP-positive supporting cells, with G1 and G2 representing enriched GER populations and G3 and G4 representing DCs and pillar

cells.

(G) Boxplot presenting the number of organoids generated after 7 days in suspension culture at low cell density (2.5 cells/mL media) from G_Sox2 and G_Lfng

cells. The mean ± SD is shown next to each boxplot. ***p < 0.001, two-tailed unpaired Student’s t test; n = 7 for each group.

(H and I) Boxplots presenting the number of organoids from the cells in G1–G4 generated after 7 days in low cell density culture (2.5 cells/mLmedia) (H) and higher

cell density culture (10 cells/mL media) (I). The mean ± SD is shown next to each boxplot. ***p < 0.001, **p < 0.01, *p < 0.05, two-tailed unpaired Student’s t test;

n = 11 (G1), n = 11 (G2), n = 11 (G3), and n = 10 (G4) in low cell density plots (H). n = 7 (G1), n = 6 (G2), n = 6 (G3), and n = 4 (G4) in higher cell density plots (I).

(J and K) Colorimetric cell viability assays of G1–G4 cells after 7 days of culture at low density (2.5 cells/mL media) (J) and higher density (10 cells/mL media) (K).

Shown are the means ± SD of four experiments. **p < 0.01, *p < 0.05, two-tailed unpaired Student’s t test.

(L) Colorimetric cell viability assays performed after 7-day culture of cells from G1. The absorbance at 490 nm was compared between wells that received at the

onset of the experiment 2,000 cells at higher cell density (10 cells/mL media) and the combined cells harvested from four individual wells that received 500 cells

(legend continued on next page)
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when compared with surrounding epithelial cells, which is

consistent with previous reports when cells were cultured at

low densities (Oshima et al., 2007; Sinkkonen et al., 2011).

GFP-positive and tdTomato-negative cells from gate G1, repre-

senting mainly lateral and intermediate GER cells, gave rise to

4.0 ± 3.2 organoids when grown at low density (Figure 2H).

Less intensely GFP-expressing G2 cells, likely representing the

intermediate and medial population of GER cells and Hensen’s

cells, did not differ significantly from G1 cells in their organoid

formation capacity. G3 and G4 cells displayed 5- to 6-fold

increased organoid formation capacity, which indicates the

distinct potential of Deiters’ and pillar cells for colony formation

(Sinkkonen et al., 2011; White et al., 2006). Of note, we observed

that cells from gates G1 and G2 mostly degenerated and even-

tually disappeared during the 7-day culture period, whereas

the cells from G3 and G4 were viable even without observable

proliferation. Organoids derived from G1 and G2 were consis-

tently larger than the organoids derived from G3 and G4 (Table

S1). These observations explain the finding that cell proliferation

at low density did not differ among the G1–G4 cell groups when

directly compared using a colorimetric cell viability assay (Tada

et al., 1986; Figure 2J).

We noticed a discrepancy in organoid numbers when the cells

were cultured at 43 higher density (10 cells/mL media). All cul-

tures displayed synergistic behavior, with G1 and G2 cells prom-

inently producingz153more organoids than lower density cul-

tures (Figure 2I). It is conceivable that cell aggregation is

occurring more frequently at higher culture densities, but we

assumed this would not necessarily explain the observed in-

crease of organoid numbers. Compared with low cell density

(Figure 2J), we found that G1 cultures showed significantly

increased cell numbers over G2, G3, and G4 cells when cultured

at a higher density, which indicates higher proliferation rates

(Figure 2K). When we directly compared the proliferation of

G1-derived cells at high and low densities, we further confirmed

the increase of cell numbers in higher density cultures (Figure 2L).

These findings support the hypothesis that the proliferation of G1

cells, presumably originating from the GER, is enhanced at

higher density. The increase of organoid numbers is not the

result of cell aggregation.

Single-cell RNA-seq reveals composition of FACS-gated
cochlear cell groups
FACS can be highly precise, and accurate selection of the

desired cell type can be achieved, particularly when the gating

strategy is carefully authenticated (Hertzano et al., 2020; Wald-

haus et al., 2015). In contrast, differences between flow cytome-

ters and gating strategies, as well as transgenic reporter gene

expression, can be affected by the genetic backgrounds of

mouse strains; this ambiguity requires a careful validation of

different FACS-isolated cell groups. In parallel to culturing cells,

we harvested individual FACS-sorted G1–G4 and gate Lfng-GFP
each (also a total of 2,000 cells), but at low cell density (2.5 cells/mL media). Show

three independently performed experiments. **p < 0.01, two-tailed unpaired Stu

DC, Deiters’ cell; GER, greater epithelial ridge; HeC, Hensen’s cells; IBC, inner bor

outer pillar cell.
(G_Lfng) cells and performed single-cell RNA-seq (Figure S3; Pi-

celli et al., 2014). We used CellTrails (Ellwanger et al., 2018) for

spectral embedding and unsupervised clustering of the data re-

sulting in 11 distinct cell groups (states S1–S11; Figure 3A).

Based on the expression of distinct markers (Tables S2 and

S3; Figure S4), we identified supporting cell subtypes, GER cells,

and hair cells (Figure 3A). Cluster S11 consists of inner and outer

hair cells based on the expression of Fgf8,Slc17a8,Slc26a5, and

Insm1 (Seal et al., 2008; Shim et al., 2005; Tateya et al., 2013;Wi-

watpanit et al., 2018; Zheng et al., 2000). Pillar cells and Deiters’

cells were identified in clusters S6–S10 by the expression of

Fgfr3 and Prox1 (Bermingham-McDonogh et al., 2006; Hayashi

et al., 2010). Pillar cells were also found in S6, S9, and S10 by

expression of Etv4, Etv5, andNgfr (Hayashi et al., 2008; Mansour

et al., 2013; Shim et al., 2005). Third-row Deiters’ cells were

found in S7 through the high expression of Lgr5 (Chai et al.,

2011; McLean et al., 2017; Shi et al., 2012). Inner border cells

and inner phalangeal cells were identified in S5 based on the

expression of Lfng and Otol1 (Deans et al., 2010; Zhang et al.,

2000). High expression of Dkk3 indicated that clusters S2–S4

represent GER cells (Huang et al., 2011). Finally, cluster S1 con-

sists of uncharacterized cells, likely of glial character (Table S2).

To further investigate and validate predicted cell subtypes, we

analyzed the expression of markers that were differentially ex-

pressed in various clusters. High Npy gene expression was

associated with S10 (Figure 3B; Tables S2 and S3). Immunohis-

tochemistry performed on P2 cochlear sections demonstrated

specific expression of Npy protein in inner pillar cells, confirming

that S10 represents inner pillar cells (Figure 3C; Kolla et al.,

2020). Previous studies described the expression of Gsn and

Sparcl1 in the neonatal cochlear sensory epithelium (Burns

et al., 2015; Mburu et al., 2010). Both genes were expressed in

all three GER cell clusters (S2–S4) (Figure 3B; Tables S2 and

S3) and were not differentially expressed across the three GER

cell populations (Table S4). In accordance with this, the Gsn

and Sparcl1 proteins were detected in all P2 GER cells (Fig-

ure 3C). Gsn and Sparcl1 immunoreactivity was also found in in-

ner border and inner phalangeal cells, which agrees with the sin-

gle-cell RNA-seq results that indicate expression also in cluster

S5 (Figure 3B). We identified Crabp1 expression in GER cells,

as has been previously reported (Kim et al., 2016). Crabp1 pro-

tein was localized in medial GER cells at P2 (Figure 3C). Given

thatCrabp1 expression is distinctively higher in cluster S2 versus

S3 or S4 (Figure 3B; Table S4), we conclude that S2 contains

medial GER cells.

To further authenticate the identified clusters, we used as an

alternative feature selection method, M3Drop (Andrews and

Hemberg, 2019), that utilizes a different mathematical approach,

and performed graph-based clustering, in which seven main

clusters were identified (Figure S5A). GER cells were identified

in two clusters (clusters 1 and 3) and further sub-clustered into

lateral, intermediate, and medial GER cells (Figure S5C; Tables
n are the means ± SD of triplicate experiments. The data are representative of

dent’s t test.

der cell; IPC, inner pillar cell; IPH, inner phalangeal cell; ns, not significant; OPC,
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Figure 3. Single-cell RNA-seq confirms distinct FACS-gated cochlear cell subtypes

(A) CellTrails identified 11 distinct clusters referred to as states (S1–S11). Shown are 409 FACS-isolated cochlear duct single cells projected into two-dimensional

space via t-distributed stochastic neighbor embedding (tSNE). Single cells were colored by state affiliation.

(B) Violin plots for differentially expressed genes.

(C) Immunohistochemistry on P2 organ of Corti vibratome sections for Npy, Gsn, Sparcl1, and Crabp1. Schematic drawings highlight protein-positive cells. Npy

mRNA expression is high in S10 (B), and the protein is specifically expressed by inner pillar cells. Gsn and Sparcl1 mRNA is enriched in S2–S5 (B), and the

corresponding proteins are detected in GER, inner border, and inner phalangeal cells. Crabp1mRNA is found in S2 (B), and the protein is expressed in the lateral

GER. Scale bars: 50 mm.

(D) tSNE for the FACS gates used for cell isolation.

(E) Top (state): CellTrails states are labeled with the identified cochlear cell subtypes. Bottom (G1–G4, and G_Lfng): representation of the different clusters in

G1–G4 and G_Lfng groups. State affiliations of the cells in G1–G4 and G_Lfng are shown by proportion indicated on the x axis.

(F) CellTrails trajectory reconstruction results in a furcating trajectory encompassing S2–S11. CellTrails identified S1 as an independent component distinct from

S2–S11.

DCr1,2, first and second rows of DCs; DCr3, the third row of DCs; IHC, inner hair cell; OHC, outer hair cell; PC, pillar cell.
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ter 4, were further sub-clustered into three populations that

represent the first/second-row Deiters’ cells, third-row Deiters’
6 Cell Reports 34, 108646, January 19, 2021
cells, and outer pillar cells (Figure S5E; Table S2). The defining

genes for each cluster identified with graph-based clustering

showed more than 90% overlap with the equivalent cluster
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identifiedwith theCellTrails clusteringmethod formost of the cell

populations. Inner pillar cells, outer pillar cells, and the third-row

Deiters’ cells overlapped by 84.9%, 76.0%, and 56.0%, respec-

tively (Table S2). Overall, the results obtained with two indepen-

dent cluster analyses were compatible and provided confidence

that the computationally assigned cell subtypes are reasonably

accurate.

We anticipated that FACS gates G1–G4 would contain

different subsets of cochlear cell types. When we projected the

different gates onto the t-distributed stochastic neighbor

embedding (tSNE) representation of the single cells, we were

able to directly visualize the accuracy of cell isolation based on

fluorescent marker gene expression (Figures 3D and 3E).

Following our prediction based on reporter gene expression,

GER cells (S2–S4) accounted for 93% and 52% of the G1 and

G2 populations, respectively. G1 and G2 differed by the abun-

dance of cluster S3 and S4 cells in G1, which represent the

most lateral group of GER cells adjacent to the organ of Corti.

Similarly, in graph-based clustering, GER cells accounted for

83% and 55% of G1 and G2 populations, respectively; the G2

population represented the medial group (subcluster 4) of GER

cells exclusively, whereas the G1 population represented lateral

and intermediate GER cell groups (Figures S5C, S5D, and S5G).

The G3 population was represented as predicted: pillar cells and

Deiters’ cells, defined by markers present in S6–S10, accounted

for 98% of the population (Figures 3D and 3E). In contrast, G4

harbored only 24% pillar cells (S6, S9, and S10), despite them

being the primary target. Hair cells (S11) accounted for 46% of

the G4 population. G_Lfng covered a wide range of cochlear

cell subtypes. Nevertheless, the expected target population of

G_Lfng, outer pillar, Deiters’, inner border, and inner phalangeal

cells (S5 and S7–S9) accounted for 67% of this population (Fig-

ures 3D and 3E).

Spatiotemporal relations among the different organ of Corti

cell subtypes were further analyzed with the trajectory inference

algorithm provided by CellTrails (Figure 3F). We interpret the tra-

jectory map of cells along a branching trajectory as dominated

by latent spatial features. Interestingly, cluster S6, which con-

tains cells expressing some, but not the full complement of, pillar

cell markers from S9 and S10 (Figure 3A; Table S3), was placed

at a branching point between pillar cells, Deiters’ cells, and hair

cells (Figure 3E). This cluster might represent a latent transitional

status reflecting the notion that neonatal supporting cells are not

fully mature and display limited plasticity to differentiate into hair

cells. Bmp4, known to be involved in inner ear sensory organ

morphogenesis (Koehler and Hashino, 2014; Li et al., 2005; Mun-

namalai and Fekete, 2016; Ohyama et al., 2010), was expressed

at comparatively high levels in S6 (Table S2). Graph-based clus-

tering did not identify S6 cells as a distinct cluster and distributed

the cells among several cell groups (Figures S5H). It is therefore

possible that S6 cells either (1) represent multiple cell subtypes,

(2) represent cells that respond to cell dissociation, or (3) repre-

sent a more plastic cell group. Similarly, the S4 cluster repre-

sents a branch point that reflects a possible dynamic state be-

tween GER cells and inner border/inner phalangeal cells based

on overlapping marker gene expression (Table S2). The tran-

scriptomic concordances of these cell groups along the trajec-

tory support the reported potential of GER cells to migrate and
replace lost supporting cells located medially to the tunnel of

Corti (Mellado Lagarde et al., 2014). We utilized partition-based

graph abstraction (Wolf et al., 2019) to provide an interpretable

map of cluster relations of the cell groups shown in Figure S5A

and found robust links between medial GER cells (cluster 1),

lateral GER cells (cluster 3), and inner border cells and inner

phalangeal cells (cluster 2) (Figure S5I). The analysis also

showed a link between hair cells (cluster 6) and inner pillar cells

(cluster 5) (Figure S5I).

GER cells can be expanded and differentiated into
Myosin7a-positive cells
Activation of canonical Wnt signaling, combined with Notch

signaling inhibition, has been effective in promoting new hair

cell generation in the neonatal mammalian cochlea (Li et al.,

2015; Samarajeewa et al., 2019; Shi et al., 2013). Various growth

factors have been used to stimulate cell proliferation, particularly

in cultures of otic progenitor cells, and growth factor removal

was hypothesized to drive cell differentiation, such as into hair

cell-like cells from embryonic stem cell-derived otic progenitors

(Li et al., 2003b; Oshima et al., 2010). When we initiated cell dif-

ferentiation in organoids grown in EFI_CVPM in the presence of

LY411575 to activate Wnt signaling and C to inhibit Notch

signaling, we found after 14 days in culture fewer hair cell

marker-positive cells compared with continuous supplementa-

tion of the cultures with EFI_CVPM. Conversely, we found that

hair cells, as well as supporting cells, were differentiating when

the organoids were grown as colonies attached to a substrate

in the sustained presence of all factors and compounds used.

We consequently did not change the composition of the growth

medium after transferring the organoids onto substrate, which

resulted in continuous expansion of the resulting colonies. To

evaluate the extent of organoid expansion and hair cell differen-

tiation, we first compared organoids from the FACS gate G1,

representing lateral and intermediately located GER cells, with

G2-gated medial GER cells (Figures 3D and 3E; Figures S5A–

S5D and S5G). The organoids from the FACS gate G3, repre-

senting mainly pillar and Deiters’ cells, were also compared

(Figures 3D and 3E; Figures S5A, S5B, and S5G). Large colonies

grew from G1-derived organoids. These colonies robustly

harbored myosin7a-expressing cells (Figure 4A; Figure S6A).

Organoids grown from G2 also gave rise to myosin7a-express-

ing cells similar to G1 (Figure 4B; Figure S6B). In contrast, G3-

derived organoids showed substantially less expansion and

generated only small colonies consisting of a few to tens of cells,

yet many of those cells expressed myosin7a (Figure 4C). These

observations suggest that medial and lateral GER cells display

equally strong proliferative potential and robust ability to

generate hair cell marker-positive cells. This is despite medial

and lateral GER cell groups being transcriptionally distinct,

with 139 and 322 differentially expressed genes detected,

respectively (Figure 5; Table S4), which includes Lgr5 in lateral

GER cells, a gene previously suggested to be indicative of

neonatal cochlear stemness (McLean et al., 2017; Shi et al.,

2012). We conclude that GER cells are the primary activated

cell type in EFI_CVPM-supplemented media. Pillar and Deiters’

cells, which accounted for 98% of the G3 population, lack a

robust proliferative ability in EFI_CVPM-supplemented media,
Cell Reports 34, 108646, January 19, 2021 7



Figure 4. Organoid colonies generated from

different cochlear cell subtypes

(A) Colonies generated from G1-derived organoids

after 14 days of substrate-attached culture in media

continuously supplemented with EFI_CVPM. (a)

Overview image of the whole chamber illustrates the

size and distribution of colonies. Scale bar: 500 mm. (b)

Higher magnification of the colony surrounded by the

square in (a). Myosin7a-expressing cells are visible.

Scale bar: 100 mm. (c) Higher magnification view of the

area surrounded by the square in (b). Scale bar: 10 mm.

(B) Colonies generated from G2-derived organoids,

using the same experimental conditions as (A). (a)

Overview image of the whole chamber shows large

colonies. Scale bar: 500 mm. (b) Higher magnification

of the colony surrounded by the square in (a).

Myosin7a-expressing cells are visible. Scale bar:

100 mm. (c) Higher magnification view of the area

surrounded by the square in (b). Scale bar: 20 mm.

(C) Colonies generated from G3-derived organoids,

using the same experimental conditions as (A). (a1)

Small colonies, consisting of only a few cells formed

fromG3-derived organoids. (a2) Myosin7a-expressing

cells are visible. Scale bars: 20 mm (a1 and a2). (b1)

Higher magnification of the colony marked with the

arrowhead in (a2). (b2) Another representative colony.

Dotted lines outline the colonies. Scale bars: 10 mm (b1

and b2).

Article
ll

OPEN ACCESS
but they showed competence to differentiate into myosin7a-ex-

pressing cells. Finally, we generated organoids from the G4 cell

population for comparison, which also generated small colonies

that efficiently gave rise to myosin7a-expressing cells. These

colonies would mainly have pillar cell origin (Figure S6C).

Expanded GER cells generate hair cells and supporting
cells
As an alternative source for GER cells, we utilized Lfng-GFPmice

and FACS-sorted GFP-negative cells (G_Lfng (�)) from dissoci-

ated cochlear duct cells at P2 (Figure S7A). We hypothesized

that the G_Lfng (�) cell population would consist mainly of

GER cells, although with some contribution of other cells (Fig-

ure 2B). G_Lfng (�) cells robustly generated organoids when

cultured at a density of 10 cells/mL in media supplemented

with EFI_CVPM. When further grown for 2 weeks, the organoids

attached to substrate and formed large colonies (Figure 6A). The

colonies harbored myosin7a-expressing cells, which were

closely associated with GFP-expressing cells (Figures 6B and
8 Cell Reports 34, 108646, January 19, 2021
6C; Figure S7B). Although we cannot

exclude that some Lfng-negative hair cells

survived sorting and organoid formation,

we consider it as not very likely that the

many myosin 7a-expressing cells that differ-

entiated in the colonies are surviving hair

cells. We conclude that G_Lfng (�) GER cells

were capable of growing into large organo-

ids in whichmyosin7a-positive cells differen-

tiated in close association with GFP-positive

cells, indicative of upregulation of the sup-

porting cell marker Lfng. Hair cell-dependent
induction of supporting cell markers in GER cells has been pre-

viously reported in the native tissue (Woods et al., 2004), as well

as in embryonic stem cell-derived organoids (Koehler et al.,

2013; Oshima et al., 2010). We note that this orchestration of

sensory epithelium differentiation also happens in GER-derived

organoids. We conclude that GER cells can be substantially

expanded in EFI_CVPM-supplemented media, and these orga-

noids harbor otic progenitors capable of differentiation into

nascent otic sensory epithelial cell types.

GER cell proliferation depends on direct contact
The synergistic growth potential of GER cells at higher density

(Figures 2H–2L) suggested that the increased proliferation is

enhanced by paracrine signaling. The robust initial growth of

GER cell-derived organoids is followed by sustained expansion

that ultimately results in effective generation of a large number

of new epithelial cells (Figures 4A, 4B, and 6A). To identify

whether GER cell proliferation is driven by direct cell-cell contact

or by soluble factors secreted and transmitted among the



Figure 5. Differential gene expression among the three GER clusters

Volcano plots showing comparisons between each GER cell cluster (S2, S3, and S4) with the remaining GER cells. Thresholds are indicated with dotted lines:

log2-fold expression difference of >2 or <�2 and�log10(FDR) > 2 (FDR < 1%). Labeled are top differentially expressed genes in medial (S2: left), intermediate (S3:

middle), and lateral (S4: right) GER cells. The full list of differentially expressed genes is shown in Table S4. Wilcoxon rank-sum test was used for all comparisons

shown here.
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neighboring cells, we performed organoid formation assays in a

medium containing 1.27% methylcellulose supplemented with

EFI_CVPM. Direct cell-cell contact in this condition is minimized

as individual cells are being physically separated due to the vis-

cosity of the gel, whereas released soluble factors can diffuse

freely (Kaufman et al., 2001; Le Joncour et al., 2019). Dissociated

cochlear duct cells seeded at 2.5 cells/mL media gave rise to

82 ± 13 organoids in this condition. When we increased the

cell density 2-fold and 4-fold, we found that the number of orga-

noids grown in the medium increased proportionally, but not

synergistically (Figure 7A). This result suggests that the synergis-

tic enhancement of organoid formation in EFI_CVPM-supple-

mented media depends on direct cell-cell contact and not on

soluble/diffusible factors. To further buttress this conclusion,

we compared GER cell-derived organoid growth in a transwell

co-culture system. We found that organoid growth was not

affected by factors released from co-cultured GER cells seeded

in excess in an adjacent compartment separated by amembrane

permeable to diffusible factors (Figure 7B). These observations

indicate that the enhanced proliferation of GER cells at higher

densities is dependent on direct cell-cell contact rather than

the diffusion of soluble molecules in the medium.

DISCUSSION

Culture conditions to elicit proliferation of non-sensory cochlear

cells were initially based on methods for isolation and propaga-

tion of neural stem cells (Gritti et al., 1996). These conditions

were composed of serum-free media supplemented with growth

factors previously reported to have mitogenic effects on the

developing inner ear (Li et al., 2003a). The organoids grown

from neonatal mouse cochlear duct cells in these conditions

were rare, their propagation potential was limited, and the num-
ber of hair cell-like cells that differentiated in such cultures was

low (Diensthuber et al., 2009; Oshima et al., 2007; Sinkkonen

et al., 2011). It was noted that two main types of organoids

formed from cochlear duct cells: hollow organoids consisting

of epithelial cells and smaller solid ones (Diensthuber et al.,

2009). It was further hypothesized, based on the potential of solid

organoids for expansion and the ability to generate hair cell-like

cells, that solid organoids harbor otic progenitor cells.

A major improvement for unlocking the proliferative capacity of

non-sensory cochlear duct cells camewhen the effects on colony

formation of small compounds, other additives, and pathway

modulators were systematically assessed. A combination of fac-

tors, including V, aGSK-3 inhibitor, vitaminC, and a TGF-b recep-

tor 1 inhibitor, in addition to growth factors EFI, significantly

increased the numbers of organoids formed from dissociated

cochlear duct cells (McLean et al., 2017).Many organoid cells dis-

playedcanonicalWNTpathwayactivation,whichwas revealedby

a transgenic reporter for Lgr5 expression. In the neonatal cochlea,

Lgr5 reporter expression is restricted to inner pillar cells, inner

border cells, lateral GER, and the third row of Deiters’ cells (Chai

et al., 2011, 2012; Shi et al., 2012). This raises the question of

whether organoid formation is a feature of Lgr5-expressing

neonatal non-sensory cells or whether other Lgr5-negative non-

sensory cells cangive rise toorganoids andLgr5expression is up-

regulated during organoid formation. It has been previously

reported that the various non-sensory cochlear cell types have

differing organoid formation potential (McLean et al., 2016; Sink-

konen et al., 2011; White et al., 2006). We hypothesized that the

organoid formation potential of various defined non-sensory

cochlear cell types is substantially higher than previously reported

when using the most efficient known culture conditions.

Our experiments confirmed that media supplementation with

EFI_CVPM is highly efficient in inducing organoid formation of
Cell Reports 34, 108646, January 19, 2021 9



Figure 6. Hair cells and supporting cells

differentiate in GER organoid-derived

colonies

(A) Colonies generated from G1-derived organo-

ids after 14 days of substrate-attached culture

in media continuously supplemented with

EFI_CVPM. The whole chamber with all colonies is

shown. Scale bar: 500 mm.

(B and C) Higher magnification of the colonies

surrounded by the squares in (A). Myosin7a-ex-

pressing cells and closely associated Lfng-GFP-

expressing cells are visible and further magnified

in (B0) and (C0). Scale bars: 100 mm (B and C);

20 mm (B0 and C0).
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dissociated cells from the neonatal organ of Corti and adjacent

tissues. We cannot dismiss the potential of other supplements

to promote organoid formation, but we found that EFI_CVPM

not only promoted the formation of solid organoids, which we

previously regarded as an indication of increased proliferative

potential (Diensthuber et al., 2009), but also suppressed transi-

tion to hollow organoids, which is also an indication of maintain-

ing a proliferative state. In contrast with our previous findings, the

organoids grown in EFI_CVPM-supplemented media weremuch

larger (up to 1 mm), which indicates that the addition of CVPM

elicited substantial cell proliferation.

FACS-based cell sorting of inner ear cells is reasonably accu-

rate, but not perfect, which is shown by our single-cell RNA-seq

analysis of sorted cell groups. This is partially owed to the paucity

of cochlear cells, which precludes multiple rounds of sorting for

increased purity and also an indication that gating strategies for

various cell groups can be further improved. Multiple reporters

and highly stringent gating strategies canmost certainly increase

accuracy (Waldhaus et al., 2015). Nevertheless, single-cell RNA-

seq allowed us to unequivocally determine the starting composi-

tion of cells used for organoid formation. Based on these assess-

ments, we found that the formation of large solid organoids in

EFI_CVPM-supplemented media is a distinct feature of GER

cells. Moreover, we found that the number of organoids, but

not their size, synergistically increased when we quadrupled

the density of cells. Finally, we showed that cell-cell contact is

essential for the observed synergistic effect. Direct contact and

a variety of potential interactions have been previously put for-

ward as a potent stimulator of proliferation, as well as an inhibitor

of cell death in various cell types (Nelson and Chen, 2002; Oss-

wald et al., 2015; Venkatesh et al., 2019).

GER cells are a transient cell group, also referred to as Köl-

liker’s organ (Dayaratne et al., 2014), that are replaced with inner

sulcus cells during post-natal maturation of the cochlear duct.

We found that GER cells are the most potent cochlear cell group

for organoid formation when cultured at a higher density in the

presence of EFI_CVPM. In the neonatal cochlea, only the most
10 Cell Reports 34, 108646, January 19, 2021
lateral GER cells express Lgr5, albeit at

lower levels than inner pillar, inner border,

and the third row of Deiters’ cells (Chai

et al., 2011; Shi et al., 2012). Our observa-

tions are compatible with the notion that

Lgr5-positive lateral GER cells can give
rise to the observed large solid organoids. Nevertheless, we

found that Lgr5-negative, more medially located GER cells are

equally capable of generating large organoids. Therefore, Lgr5-

expression in GER cells is not per se an indicator of stemness

or proliferative potential.

Single-cell RNA-seq transcriptomes of neonatal organ of Corti

and other cochlear duct cell types have recently been reported

(Burns et al., 2015; Kolla et al., 2020). We contribute a set of

RNA-seq data at high sequencing depth, which serves as an

additional resource for interested researchers and is available

at the gene Expression Analysis Resource (gEAR) data deposi-

tory (Orvis et al., 2020) (https://umgear.org/p?l=afd2eb77), as

well as from the Gene Expression Omnibus (GEO:

GSE162308). Cluster analysis of GER cells revealed heterogene-

ity, which confirms the results of a recent study (Kolla et al.,

2020). We found distinct GER groups, uniquely characterized

by marker gene expression combinations in clusters S2, S3,

and S4 (Figures 3A and 5; Table S4). These distinctive GER

groups were additionally confirmed with a different clustering

method and independently performed analyses (Figures S5A

and S5C). We noticed that the gene expression profile of the

most lateral GER group that borders the region around the inner

hair cells has the highest similarity with neonatal inner border and

inner phalangeal cells (clusters S4/S5, Figure 3A; cluster 3/clus-

ter 2, Figure S5A). This raises the open question of whether P2

inner border and inner phalangeal cells have a similar orga-

noid-forming potential as GER cells; the answer to this question

will require innovative FACS gating strategies. The GER lies

outside of the zone of non-proliferating cells that signifies the

developing organ of Corti from middle embryonic ages onward

(Chen et al., 2002), which suggests more fundamental differ-

ences between organ of Corti supporting cells and GER cells.

The competence of GER cells to robustly proliferate and

generate large organoids was observed only when we cultured

the cells at a higher density. At lower cell densities, GER cells dis-

played reduced viability, and the generation of organoids

occurred only rarely. Interestingly, the few organoids that grew

https://umgear.org/p?l=afd2eb77


Figure 7. Direct cell-cell contact synergistically increases incident of organoid formation

(A) Quantification of the number of organoids generated from dissociated cochlear duct cells after 7 days in EFI_CVPM culture in 1.27%methylcellulose gel. The

sequential doubling of seeded cells results in a linear increase of organoid numbers. Presented are mean ± SD of triplicate experiments.

(B) Organoids were grown in a transwell co-culture system. (a) Schematic illustration and experimental details. The cells were seeded at three different densities

into the bottom compartments as indicated, and for each cell density, the top compartment harbored either 2.0 3 104 additional cells or no cells. (b) Bar plots

show the number of organoids grown in the bottom compartments after 7 days. Presented are mean ± SD of triplicate experiments. (c) Colorimetric cell viability

assay of the cells in the bottom compartments after 7 days of culture in transwell co-culture system shown in (b). Shown are the means ± SD of triplicate ex-

periments. The data are representative of three independently performed experiments.
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in low-density GER cultureswere large, which suggests that indi-

vidual GER cells have the potential for robust proliferation, but

that higher density is required to unlock this potential in more

cells. Our experiments suggest that cell-cell contact is essential

for robust activation of this feature, which could occur through

increasedGERcell survival, direct stimulation of cell proliferation,

or a combination of both. GER cell-derived large organoids

harbored hair cell marker-positive cells that were associated

with supporting cellmarker-expressingcells. This is a strong indi-

cation that GER cells, after mitotic expansion, have otic pro-sen-

sory cell characteristics. This may be an inherent feature of this

neonatal cell group, because GER cells can also generate hair

cell-like cells following Atoh1 expression (Gubbels et al., 2008;

Shou et al., 2003; Woods et al., 2004). These observations and

the evidence provided by our study show that GER cells are a

distinctive cochlear cell group characterized by responsiveness

to various reprogramming strategies, including phenotypic con-

version (viaAtoh1 expression) andproliferation/de-differentiation

(via EFI_CVPM).

GER cell-derived organoids display several unique features

that differ from organoids generated from other cochlear non-

sensory cell origin. Most prominent is the observation that

removal of growth factors impairs the efficacy of hair cell forma-

tion inGERorganoids.Wenoticed thiswhenGERorganoidswere

culturedwithout EFI, with the intention to induce hair cell differen-

tiation, andwe found that hair cellmarker-expressing cells did not

occur in these conditions. This is in contrast with experiments

where organoids were grown from non-GER cells, in the pres-

enceof growth factors butwithoutCVPM (Li et al., 2003a;Oshima

et al., 2007; White et al., 2006). Growth factor-dependent

sustained proliferation and massive expansion, therefore, are

distinct features of GER organoids that appear to be required

for the robust generation of hair cells and supporting cells. This
GER organoid feature also varies from organoids generated

from pluripotent stem cells that require growth factor withdrawal

and self-guided differentiation for efficient hair cell differentiation

(Koehler et al., 2013, 2017; Li et al., 2003b; Oshima et al., 2010).

One additional conclusion that we draw from our experiments

is that the in vitro proliferative capacity of different non-sensory

cochlear cell types depends, not surprisingly, on the composition

of media supplements. For example, various supporting cell

groups, including pillar and Deiters’ cells, show organoid forma-

tion potential when grown at low density in media supplemented

with growth factors (Oshima et al., 2007; Sinkkonen et al., 2011;

White et al., 2006), but proliferation andability of these supporting

cells to grow into organoids larger than a few cells are severely

reduced when grown in EFI_CVPM. Specifically, pillar cells and

Deiters’ cells did not proliferate robustly in these conditions, but

the cells were not only viable in EFI_CVPM-supplemented media

but upregulated hair cell markers. Comparison of single-cell tran-

scriptomic profiles revealed that of all supporting cell subtypes,

inner pillar cells were closest in gene expression to hair cells,

which might explain this observation.

Limitations of study
Our experiments revealed a distinct feature of GER cells to

generate sizeable inner ear organoids. The strong potential of

the EFI_CVPM supplement has been previously reported

(McLean et al., 2017), and our findings imply that the principal

target population of this treatment is GER cells. We show that

other cochlear supporting cell types differ in their organoid for-

mation ability. Expansion of the FACS strategy with additional re-

porter lines and markers would allow a quantitative assessment

of each supporting cell subtype, which remains a desirable goal.

Moreover, single-cell RNA-seq of organoids derived from GER

cells and organoids obtained with the other cochlear supporting
Cell Reports 34, 108646, January 19, 2021 11
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cell groups would allow for in-depth characterization and com-

parison of the different progenitor cell groups’ composition.

We envision to pursue this exciting question in the near future,

which could provide additional insight into the activation of

GER cells’ proliferative potential.

Stringent FACS gating, deep RNA-seq, robust clustering, and

immunohistochemical validation resulted in the identification of

cochlear cell populations that were in close agreement with re-

sults obtained with shallow sequencing but many more cells

(Kolla et al., 2020). Of course, the differences between technolo-

gies used in the different studies come with distinct limitations,

such as the numbers of genes associated with individual cells

that could affect clustering outcomes. Integration into the

gEAR data depository (Orvis et al., 2020) provides an instrument

for directly comparing the datasets. We found that cell density is

an important variable for activating GER cell growth, and that

direct cell contact is essential. The nature of the signal that me-

diates this effect remains to be identified. The transcriptomic

analysis revealed that the GER consists of at least three distinct

cell groups, and that all three groups are receptive to EFI_CVPM-

based activation. In summary, our study reveals that GER cells

are a potent cochlear cell type that can be utilized for cell-based

in vitro assays for inner ear research. We provide mechanistic

insight for culture conditions that result in efficient organoid for-

mation and robust generation of cells expressing hair cell and

supporting cell markers.
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Antibodies

Rabbit anti Myosin-Vlla (1:1000) Proteus Cat# 25-6790; RRID:AB_10015251

Goat anti SOX2 (1:200) R&D Systems Cat# AF2018; RRID:AB_355110

Rabbit anti Neuropeptide Y (NPY) (1:50) proteintech Cat# 12833-1-AP; RRID:AB_10791890

Rabbit anti Gelsolin (GSN) (1:200) proteintech Cat# 11644-2-AP; RRID:AB_2295090

Goat anti Sparc-like 1 (SPARCL1) (1:500) R&D Systems Cat# AF2836; RRID:AB_2195097

Rabbit anti CRABP1 (1:100) proteintech Cat# 12588-1-AP; RRID:AB_2292271

Donkey anti-Rabbit IgG, Alexa Fluor 594 Invitrogen Cat# A-21207; RRID:AB_141637

Donkey anti-Goat IgG, Alexa Fluor 488 Invitrogen Cat# A-11055; RRID:AB_2534102

Donkey anti-Rabbit IgG, Alexa Fluor 488 Invitrogen Cat# A-21206; RRID:AB_2535792

Donkey anti-Rabbit IgG, Alexa Fluor 647 Invitrogen Cat# A-31573; RRID:AB_2536183

Alexa Fluor 647 Phalloidin Invitrogen Cat# A22287; RRID:AB_2620155

DAPI (4’,6-Diamidino-2-Phenylindole,

Dihydrochloride)

Thermo Fisher Scientific Cat# D1306; RRID:AB_2629482

Chemicals, peptides, and recombinant proteins

Recombinant Mouse EGF R&D systems Cat# 2028-EG

Recombinant Mouse FGF basic (FGF2) R&D systems Cat# 3139-FB

Recombinant mouse IGF-1 R&D systems Cat# 791-MG

CHIR99021 LC laboratories Cat# C-6556

Valproic Acid Sodium Salt Sigma-Aldrich Cat# P4543

2-Phospho-L-ascorbic acid trisodium salt Sigma-Aldrich Cat# 49752

TGF-b RI Kinase Inhibitor II Millipore Cat# 616452

Heparan sulfate sodium salt from bovine kidney Sigma-Aldrich Cat# H7640

Recombinant Murine Noggin Peprotech Cat# 250-38

Recombinant Murine R-spondin-1 Peprotech Cat# 315-32

Trichostatin A SelleckChem Cat# S1045

Reversine Sigma-Aldrich Cat# R3904

NXT1219 Inception Sciences N/A

Paullone Santa Cruz Biotechnology Cat# sc-208152

DAPT Sigma-Aldrich Cat# D5942

Smoothened Agonist (SAG) Sigma-Aldrich Cat# 566660

Vismodegib SeleckChem Cat# GDC-0449

N-2 Supplement (100X) GIBCO Cat# 17502048

B-27 Supplement (50X) GIBCO Cat# 17504044

Matrigel Corning Cat# 356230

Trypsin-EDTA (0.25%) GIBCO Cat# 25200-056

Soybean Trypsin Inhibitor GIBCO Cat# 17075029

DNaseI Stemcell technologies Cat# 07469

Tamoxifen Sigma-Aldrich Cat# T5648

SYTOX� Red dead cell stain Invitrogen Cat# S34859

SMARTScribe Reverse Transcriptase Clontech Cat# 639538

ERCC Thermo Fisher Scientific Cat# 4456653

Recombinant ribonuclease inhibitor Clontech Cat# 2313A

5x First Strand Buffer Takara Bio Cat# ST0062

(Betaine solution) Sigma-Aldrich Cat# B0300
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Kapa HiFi HotStart ReadyMix KAPA Biosystems Cat# KK2602

AMPure XP beads Beckman Coulter Cat# A63881

ProLong Diamond Antifade mountant Invitrogen Cat# P36970

Methylcellulose Stock Solution R&D Systems Cat# HSC001

Critical commercial assays

Smart-seq2 Picelli et al., 2014 https://www.illumina.com/science/

sequencing-method-explorer/kits-

and-arrays/smart-seq2.html

HS NGS Fragment kit Agilent DNF-474 Fragment analyzer

method: DNF-474-33 - HS NGS

Fragment 1-6000bp.mthds

Nextra XT DNA Library Prep Kit illumina Cat# FC-131-1096

High Sensitivity DNA kit Agilent Cat# 5067-4626

CellTiter96 Promega Cat# G3582

Deposited data

Single cell RNA-seq NextSeq 500 (illumina) GEO accession: GSE162308,

gEAR: https://umgear.org/

p?l=afd2eb77

Experimental models: organisms/strains

FVB/NJ Mice The Jackson Laboratory Stock# 001800; MGI:2163709;

RRID:IMSR_JAX:001800

Sox2-GFP Mice The Jackson Laboratory Stock# 017592;MGI:5298206;

RRID:IMSR_JAX:017592

Lfng-GFP Mice MMRRC Stock# 015881-UCD; MGI:5003715;

RRID:MMRRC_015881-UCD

Fgfr3-CreERT2 Mice The Jackson Laboratory Stock# 025809; MGI:5603119;

RRID:IMSR_JAX:025809

Ai14-tdTomato Mice The Jackson Laboratory Stock# 007908; MGI:3817869;

RRID:IMSR_JAX:007908

Oligonucleotides

TSO 50-AAGCAGTGGTATCAACGCAG

AGTACATrGrG

N/A N/A

Oligo-dT 50- AAG CAG TGG TAT CAA

CGC AGA GTA CTT TTT TTT TTT TTT

TTT TTT TTT TTT TTT TVN - 30

N/A N/A

ISPCR primer 50-AAGCAGTGGTATCA

ACGCAGAGT-30
N/A N/A

Software and algorithms

Fiji/ImageJ Fiji https://fiji.sc; RRID:SCR_002285

Zen Black Zeiss https://www.zeiss.com/microscopy/

en_us/products/microscope-

software/zen.html; RRID:SCR_018163

Zen Blue Zeiss https://www.zeiss.com/microscopy/

en_us/products/microscope-

software/zen.html; RRID:SCR_013672

PACTAN Sinha et al., 2017 N/A

FlowJo BD https://www.flowjo.com

AxioImager Zeiss https://www.zeiss.com/microscopy/us/

products/light-microscopes/axio-imager-

2-for-biology.html; RRID:SCR_018876

R R Project for Statistical Computing https://www.r-project.org; RRID:SCR_001905
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SCnorm R package Bioconductor Bacher et al., 2017 https://bioconductor.org/packages/release/

bioc/html/SCnorm.html

CellTrails R package Bioconductor Ellwanger et al., 2018 https://www.bioconductor.org/packages/

devel/bioc/html/CellTrails.html

Scater R package Bioconductor McCarthy et al., 2017 https://bioconductor.org/

packages/release/bioc/html/scater.html;

RRID:SCR_015954

M3Drop R package Bioconductor Andrews and

Hemberg, 2019

https://www.bioconductor.org/packages/

release/bioc/html/M3Drop.html

ggplot2 R package (Wickham, 2016) https://cran.r-project.org/

web/packages/ggplot2/index.html;

RRID:SCR_014601
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for reagents may be directed to the Lead Contact, Stefan Heller (hellers@stanford.edu).

Materials availability
The study did not generate new unique reagents.

Data and code availability
The RNA sequencing data generated in this paper is available fromGEOwith accession number GSE162308. The data are also avail-

able at gEAR, a gene Expression Analysis Resource (Orvis et al., 2020), via PERMA-LINK https://umgear.org//index.html?

layout_id=afd2eb77&gene_symbol_exact_match=1. In gEAR, it is possible to project each gene’s expression value into the tSNE

plot shown in Figure 3A, into a cochlear illustration with all cell types identified (based on Figures 2A–2C), as well as violin plots

concordant with Table S3.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse strains
FVB/NJ mice (The Jackson Laboratory: 001800) were used for organoid formation assays in Figures 1 and 7; Figure S1). Sox2-GFP

(The Jackson Laboratory: 017592), Lfng-GFP (MMRRC_015881-UCD), Fgfr3-CreERT2 (Young et al., 2010), and Ai14-tdTomato (The

Jackson Laboratory: 007908) mice were used for the flow cytometric isolation of cochlear cell subtypes (Figures 2A–2F; Figures S2

and S7A). Recombination of the Stop-tdTomato allele in Fgfr3-tdTomato/Sox2-GFP mice was done with intraperitoneal tamoxifen

injection (0.2 mg/g) (Sigma) at P0. We used two-days old mice of both sexes for all experiments. Procedures involving animals

were approved by Stanford University’s Institutional Animal Care and Use Committee. Animal experiments were done in conformity

to the NIH criteria described in ‘The Guide for the Care and Use of Laboratory Animals’ and observed the Cartagena Protocol.

METHOD DETAILS

Cochlear cell isolation
Temporal bones were removed from P2 mice and cochlear ducts were dissected. The spiral ligament and stria vascularis were

removed from each cochlear duct. Cochlear ducts were washed twice with potassium and magnesium-free PBS and incubated

in 0.25% Trypsin-EDTA (GIBCO) at 37�C and 5% CO2 for 10 min. After adding soybean trypsin inhibitor (10 mg/mL) (GIBCO) and

DNaseI (1 mg/mL) (Stemcell technologies), the cochlear duct tissue was mechanically dissociated and passed through a 70 mm

strainer to remove aggregates.

Organoid culture
An overview of the organoid culture procedure is shown in Figure 1A. Cochlear duct cells derived from P2 mice were seeded at 50

cells per mL density into suspension culture dishes and maintained in DMEM/F-12 (GIBCO) supplemented with N-2 Supplement
Cell Reports 34, 108646, January 19, 2021 e3
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(GIBCO), B-27 Supplement (GIBCO), and 100 mg/mL ampicillin. Growth factors, small molecules, and recombinant proteins were

supplemented into the medium throughout the 21 days culture period at 37�C and 5% CO2. Half of the medium was changed every

other day. At day 7, the organoids were evaluated for number, size, and morphology. For adherent culture, the organoids were har-

vested on day 7 and transferred to Lab-Tek Chamber Slides (Nunc), pre-coated with Growth Factor Reduced Basement Membrane

Matrix (Matrigel, Corning) at 1:10 dilution. The attached organoids were maintained for another 14 days at 37�C and 5% CO2. The

colonies were evaluated for differentiation on day 21. In the procedures involving FACS-sorting, the cochlear duct cells were sorted

into a 96-well suspension culture dish at either 2.5 cells/mL or 10 cells/mL densities andmaintained in DMEM/F-12 supplemented with

N-2 Supplement, B-27 Supplement, and 100 mg/mL ampicillin. In addition, growth factors (EGF, FGF2, IGF1) and small molecules

(CHIR99021, valproic acid, 2-phospho-L-ascorbic acid, and TGFß receptor inhibitor 616452) ( = EFI_CVPM) (McLean et al., 2017)

were added to the medium. The sorted cells were incubated for 7 days at 37�C and 5% CO2 and evaluated for organoid formation

and proliferation (Figures 2G–2L). The organoids were then transferred into Lab-Tek Chamber Slides pre-coated with Matrigel, fol-

lowed by incubation for another 14 days at 37�C and 5% CO2. On day 21, the colonies were evaluated for differentiation (Figures 4

and 6; Figures S6 and S7). Quantifications shown are derived from 3-5 experiments; each series of experiments was conducted at

least three times independently.

Growth factors, small molecules, and recombinant proteins were added to the medium at the following working concentrations:

EGF (20 ng /mL), FGF2 (10 ng /mL), IGF1 (50 ng /mL), CHIR99021 (3 mM), valproic acid (500 mM), 2-phospho-L-ascorbic acid (100 mg

/mL), TGFß receptor inhibitor 616452 (2 mM), heparan sulfate (50ng/ml), Noggin (100ng/ml), R-spondin-1 (500ng/ml), Trichostatin A

(0.03 mM), Reversine (0.03 mM), NXT1219 (3 mM), Paullone (3 mM), DAPT (1 mM), Smoothened Agonist (0.3 mM), Vismodegib (3 mM).

Flow cytometry
Dissociated cochlear duct cells were collected in round-bottom tubes and washed twice with phenol red-free DMEM/F-12 medium

(GIBCO). Each time, the cells were pelleted at 300 x g for 5 min and gently resuspended in medium. Debris was excluded based on

scatter parameters (forward-scatter area [FSC-A] versus side-scatter area [SSC-A]). Singlets (individual cells) were discriminated

based on physical parameters via two gating steps: FSC-A versus forward-scatter height [FSC-H] and side-scatter height [SSC-

H] versus side-scatter width [SSC-W]. CYTOX Red cell viability marker (Invitrogen) was used for dead cell elimination (Figure S2B).

Sox2-GFP expressing cells (G_Sox2) (Figure 2D), and Lfng-GFP expressing and Lfng-GFP-negative cells (G_Lfng and G_Lfng (-))

(Figure 2E; Figure S7A) were sorted individually from Sox2-GFP and Lfng-GFP mice-derived cochlear duct cells. G1-G4 cell popu-

lations were sorted from Fgfr3-tdTomato/Sox2-GFPmice-derived cochlear duct cells based on different intensities of GFP and tdTo-

mato fluorescence (Figure 2F) (Waldhaus et al., 2015). FVB/NJ mice-derived cochlear duct cells were used as negative controls to

validate GFP fluorescent gate settings for sorts involving Sox2-GFP and Lfng-GFP cells. Non-recombinant Fgfr3-CreERT2/Ai14-

tdTomato mice-derived cochlear duct cells were used to adjust the gate settings for G1-G4 (Figure S2C). Sorting was performed

with a FACS Aria II (BD Biosciences). The cells were sorted into 96-well suspension culture dishes for cell cultures or 96-well lysis

buffer plates for single-cell RNA-seq.

Immunohistochemistry (IHC)
Colonies grown in Lab-Tek Chamber Slides (Figures 1E, 4, and 6; Figures S6 and S7B) were rinsed twice with PBS, fixed with 4%

paraformaldehyde for 30min, andwashed three times for 15minwith PBS. 0.5%Triton X-100 in PBS for 2 hwas used to permeabilize

cells, and blocking was done with 10% fetal bovine serum, 0.5% Triton X-100, 0.05% NaN3 in PBS for 1 h, followed by incubation

with the primary antibodies in blocking buffer overnight at 4�C. The colonies were then washed three times for 15 min with PBS and

incubated with the secondary antibodies, with or without Alexa Fluor 647-conjugated phalloidin (Invitrogen) and DAPI in blocking

buffer at room temperature for 1 h. After washing three times for 15minwith PBS, themedia chamberswere removed from theCham-

ber Slides, and the glass slides were sealed with ProLong Diamond Antifade mounting media (Invitrogen) and coverslipped.

For validation of marker gene expression (Figure 3B), whole inner ears were dissected from P2 FVB/NJ mice and fixed with 4%

paraformaldehyde for 2 h. After washing three times for 15 min with PBS, the tissues were embedded in 65�C 4% LowMelt Agarose

(Bio-Rad) in dH2O. The tissue blocks were cooled until the agarose solidified, and 100 mm sections were cut using a vibratome

(VT100S, Leica). The sections were permeabilized for 30 min with 0.5% Triton X-100 in PBS and blocked with 1% BSA, 0.2% Triton

X-100 in PBS for 1 h. Incubation with the primary antibodies in blocking buffer was done overnight at 4�C. The sections were then

washed three times for 15 min with PBS and incubated with the secondary antibodies, Alexa Fluor 647-conjugated phalloidin,

and DAPI in blocking buffer at room temperature for 1 h. After washing three times for 15 min with PBS, the sections were mounted

on glass slides using ProLong Diamond Antifade mounting media, Secure-Seal Spacer (Invitrogen), and sealed with coverslips.

Confocal microscopy
Cochlear sections and colonies were imaged with an LSM880 confocal laser scanning microscope (ZEISS) and processed with ZEN

(ZEISS) software. Whole chamber images were obtained by using the automated tiling tool of the LSM880.

Cell proliferation assay
CellTiter 96 Aqueous One Solution Cell Proliferation Assay System (Promega) was used to comparatively assess cell mass increases

in organoid cultures. 20 mL CellTiter 96 Aqueous One Solution reagent was added per 100 mL culture media and incubated at 37�C
e4 Cell Reports 34, 108646, January 19, 2021
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and 5% CO2 for 4 h. Absorbance at 490 nm was measured using a plate reader (Infinite M1000, Tecan). The average of six replicate

wells per condition was used as one data point; at least three independent experiments were conducted.

Single-cell RNA-seq library preparation and sequencing
Single cells were collected from P2 Fgfr3-tdTomato/Sox2-GFP and Lfng-GFP mice’ cochlear ducts and sorted into 96-well plates

pre-filled with lysis buffer (2U /mL RNase inhibitor, 0.2% (vol/vol) Triton X-100, 2.5 mM modified Oligo-dT primer (50- AAG CAG

TGG TAT CAA CGC AGA GTA CTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TVN - 30). Reverse transcription was performed

with SMARTScribe Reverse Transcriptase (Clontech) followed by cDNA synthesis according to the SmartSeq2 protocol (Picelli

et al., 2014). Synthesized cDNA was purified with AMPure XP beads (Beckman Coulter) and then quantified and assessed for size

distribution with the HS NGS Fragment Kit (1-6000bp) (Agilent) and a fragment analyzer (Advanced Analytical Technologies, Inc.).

Samples with more than 0.05 ng /mL of cDNA were selected using PACTAN software (Sinha et al., 2017). 98.7% of the samples

passed the criteria andwere concentration-normalized and tagmentedwith the Nextra XT (Illumina) sample preparation system, add-

ing cell-specific barcodes to the fragments. The samples were amplified by PCR and purified with AMPure XP beads. Purified cDNA

library was quality assessed with a Bioanalyzer 2100 (Agilent). Sequencing was performed on an Illumina NextSeq 500 high output

flow cell configuration with paired-end sequencing of 150 bp.

Sequencing data processing
Sequenced reads were aligned to themouse reference genome release GECm38mm10, GENCODE annotation vM17, using custom

scripts on the Sherlock Supercomputer Cluster (Stanford). STAR aligner was used to map the sequencing raw reads. RSEM was

used to quantify the transcriptome Bam files. Count matrices were loaded into R and processed with the scater package version

1.14.6. (McCarthy et al., 2017). 537 cells were sequenced, yielding 52,732 features (genes). Per-cell library size, number of detected

genes, mitochondrial genes, and spike-in control (ERCCs) percentages were identified using the perCellQCMetrics function (Lun

et al., 2016) and 92 low quality cells were excluded. Batch effects frommetadata – gate and plate ID – were computed, and an addi-

tional set of 36 non-conforming cells were excluded. Spike-in ERCCs and genes expressed in fewer than 3 cells were excluded, re-

sulting in a total 409 cells and 22,000 features (Figure S3). The data were normalized with the SCnorm package version 1.8.2 (Bacher

et al., 2017). CellTrails package version 1.4.0 (Ellwanger et al., 2018) was used for feature selection, and 11 states (clusters) were

identified and visualized with tSNE plots (Figure 3A). Trajectory maps were created using the spatiotemporal trajectory inference

function of CellTrails (Figure 3F). In parallel, we used theM3Drop package version 1.12.0 (Andrews and Hemberg, 2019) for variable

feature selection and identified 2,457 differentially expressed genes with a False Discovery Rate (FDR) of less than 1%. These genes

were used for performing principal component analysis. Eight principal components were chosen by identifying an elbow point indi-

cating a gap invariance along successively plotted variance values. Graph-based clustering analysis using scater identified seven

clusters at k = 10 that were visualized with tSNE plots (Figure S5A). The cells representing Deiters’ and outer pillar cells (cluster 4)

and GER cells (clusters 1 and 3) were individually extracted and analyzed for differentially expressed genes. M3Drop identified

1,123 genes and 551 differentially expressed genes, respectively, at 5% FDR. Cluster 4 and Cluster 1 and 3 were both divided

into three sub-clusters at k = 5 and k = 10, respectively (Figures S5C and S5E). The relationship between clusters was visualized

in a force-based layout based on the log-ratio of high-weight paths between clusters (Wolf et al., 2019) (Figure S5I). Wilcoxon

rank-sum test was used for the identification of differentially expressed genes or marker genes among clusters with an FDR of

less than 1% (Figure 5; Tables S2, S3, and S4).

Organoid culture in methylcellulose
Dissociated cochlear duct cells derived from P2 FVB/NJ mice were serially plated in a 12-well dish at 0.5 x104 cells (5 cells /mL),

1.0 x104 cells (10 cells /mL), and 2.0 x104 cells (20 cells /mL) per a well and maintained in DMEM/F-12 containing 1.27% methylcel-

lulose supplemented with N-2 Supplement, B-27 Supplement, 100 mg/mL ampicillin, and EFI_CVPM. Methylcellulose Stock Solution

(R&D Systems) was added to each cell suspension to a final concentration of 1.27%. The cells were incubated at 37�C and 5% CO2

for 7 days, and the number of organoids was quantified (Figure 7A).

Transwell co-culture
Individual wells of a 24-well dish were separated into upper and lower compartments with Millicell Cell Culture Inserts of 40 mm pore

size (Millipore). Dissociated cochlear duct cells derived from P2 FVB/NJmice were passed through 40 mm strainers twice and serially

plated into lower compartments at 0.25 x104 cells (3.3 cells /mL), 0.5 x104 cells (6.7 cells /mL), and 1.0 x104 cells (13.3 cells /mL) per well

into 750 mLmedium. For each cell density, the upper compartment either received 2.0 x104 cells or no cells. The cells were incubated

at 37�C and 5% CO2 for 7 days in DMEM/F-12 supplemented with N-2 Supplement, B-27 Supplement, 100 mg/mL ampicillin, and

EFI_CVPM.On day 7, the number of organoids grown in the lower compartments was determined. Relative increases in cell numbers,

a measure of proliferation, were determined in the lower compartments using CellTiter 96 Aqueous One Solution Cell Proliferation

Assay system (Figure 7B).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed in R (version 3.6.1). Data are presented as mean ± standard deviation. Statistical details of exper-

iments are provided in the figure legends. Statistical significance was performed using two-tailed unpaired Student’s t test. Differ-

ences were considered statistically significant when p < 0.05. Single-cell RNA-seq data analysis utilized the Mann-Whitney

U test, also known as the Wilcoxon rank-sum test in R (wilcox.test), for ranking differential gene expression.
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tering revealed three groups, here labeled with Sub1, Sub2, and Sub3, representing medial, intermediate, and lateral GER 
cells, respectively. (D) tSNE plot for the FACS gates used for cell isolation, confirming that G2 is associated with medial 
GER cells. (E) Reclustering of cluster 4 discriminated between first and second row Deiters’ cells (Sub 5), third row 
Deiters’ cells (Sub 4), and outer pillar cells (Sub 6). (F) tSNE plot for the FACS gates used for cell isolation. (G) Represen-
tation of the different clusters in G1-G4, and G_Lfng groups. Cluster affiliations of the cells in G1-G4, and G_Lfng are 
shown by proportion and colored by cluster designation. (H) The cells identified in cluster S6 using CellTrails clustering 
were projected into the tSNE plot shown in A to illustrate the distribution of S6 cells. Projected S6 CellTrails cells are 
represented by black-stroked white circles. (I) Partition-based graph abstraction shows the relationship between clusters. 
The thickness of the lines encodes the log-ratio weights among clusters; thicker lines represent a closer relationship.



G
2

Myosin 7a

C

A B
   

G
4

DAPI  Trans Myosin 7a  DAPI  

a1 a2 b1

b2

b1

b2

G
1

Myosin 7a

Figure S6  Organoid Colonies Generated from Different Cochlear Cell Subtypes. Related to Figure 4. (A) 
Colonies generated from G1-derived organoids after 14 days of substrate-attached culture in media continuously 
supplemented with EFI_CVPM. The micrograph is taken from the same culture chamber as in Figure 4A. The 
dotted square surrounds the colony presented in Figure 4A. The solid square highlights another example. The 
arrowheads indicate the areas where Myosin7a-expressing cells are abundantly observed. Scale bars = 500 μm and 
50 μm (solid square). (B) Colonies generated from G2-derived organoids, using the same experimental conditions 
as A. The micrograph is taken from the same culture chamber as in Figure 4B. The dotted square surrounds the 
colony presented in Figure 4B. The solid squares highlight other examples. The arrowheads indicate the areas 
where Myosin7a-expressing cells are abundantly observed. Scale bars = 500 μm and 50 μm (solid squares). (C) 
Colonies generated from G4-derived organoids, same experimental conditions as A. (a1) Small colonies, consist-
ing of only a few cells formed from G4-derived organoids. (a2) Myosin7a-expressing cells are visible. Scale bars 
= 50 μm (a1 and a2). (b1, b2) Higher magnification of the colonies labeled in (a2). Dotted lines outline the 
colonies. Scale bars = 10 μm.



FSC-A

G
FP

0 50K 100K 150K 200K 250K

0

10
2

10
3

10
4

10
5

0 50K 100K 150K 200K 250K

0

10
2

10
3

10
4

10
5

G_Lfng (-)

A

HeC

IPC
GER

a

b

B
G

_ 
Lf

ng
 (-

)

Myosin 7a

b
Lfng-GFP

c

Myosin 7a   Lfng-GFP

a

G
_ 

Lf
ng

 (-
)

DCs
OPC IPH

IBC

88.2%

Figure S7  Hair Cells and Supporting Cells Differentiate in G_Lfng (-) GER Organoid-Derived Colonies. Relat-
ed to Figure 6. (A) (a) Illustration of the cell types labeled in the Lfng-GFP mouse strain at P2. HeC: Hensen’s cells, 
DCs: Deiters’ cells, OPC: outer pillar cell, IPC: inner pillar cell, IPH: inner phalangeal cell, IBC: inner border cell, 
GER: greater epithelial ridge cells. (b) FACS plot (left: dot plot; right: zebra plot) and the location of the G_Lfng (-) 
gate applied for GFP-negative cell isolation containing GER cells. The fraction of cells per gate is shown in percent. 
(B) Example of colonies generated from G_Lfng (-)-derived organoids after 14 days of substrate-attached culture in 
media continuously supplemented with EFI_CVPM. The micrograph is taken from the same culture chamber as in 
Figure 6A. Myosin7a and Lfng-GFP expression is closely associated and abundant. The dotted squares surround the 
colonies presented in Figures 6B and 6C. Scale bars = 500 μm (a-c).


	Greater epithelial ridge cells are the principal organoid-forming progenitors of the mouse cochlea
	Introduction
	Results
	Effective culture conditions for the generation of inner ear organoids
	Organoid formation capacity differs among supporting cell subtypes and depends on cell density
	Single-cell RNA-seq reveals composition of FACS-gated cochlear cell groups
	GER cells can be expanded and differentiated into Myosin7a-positive cells
	Expanded GER cells generate hair cells and supporting cells
	GER cell proliferation depends on direct contact

	Discussion
	Limitations of study

	Supplemental Information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Mouse strains

	Method details
	Cochlear cell isolation
	Organoid culture
	Flow cytometry
	Immunohistochemistry (IHC)
	Confocal microscopy
	Cell proliferation assay
	Single-cell RNA-seq library preparation and sequencing
	Sequencing data processing
	Organoid culture in methylcellulose
	Transwell co-culture

	Quantification and statistical analysis


	mmc1.pdf
	celrep_108646_mmc1.pdf
	Supplementary Figure 1_Dec2020_legend
	Supplementary Figure 2_Dec_2020_legend
	Supplementary Figure3_Dec_2020_legend
	Supplementary Figure4_Dec15_2020_legend
	Supplementary Figure5_Dec15_2020_legend
	Supplementary Figure6_Jan8_2021_legend
	Supplementary Figure7_Jan8_2021_legend



