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Mapping the developmental potential of mouse
inner ear organoids at single-cell resolution

Joerg Waldhaus,#>¢* Linghua Jiang,”* Ligian Liu," Jie Liu,”> and Robert Keith Duncan’-3

SUMMARY

Inner ear organoids recapitulate development and are intended to generate cell types of the otic lineage
for applications such as basic science research and cell replacement strategies. Here, we use single-cell
sequencing to study the cellular heterogeneity of late-stage mouse inner ear organoid sensory epithelia,
which we validated by comparison with datasets of the mouse cochlea and vestibular epithelia. We
resolved supporting cell sub-types, cochlear-like hair cells, and vestibular type | and type ll-like hair cells.
While cochlear-like hair cells aligned best with an outer hair cell trajectory, vestibular-like hair cells fol-
lowed developmental trajectories similar to in vivo programs branching into type Il and then type | extra-
striolar hair cells. These results highlight the transcriptional accuracy of the organoid developmental pro-
gram but will also inform future strategies to improve synaptic connectivity and regional specification.

INTRODUCTION

The inner ear, located in the temporal bone of the skull, is divided into two anatomical compartments: the snail shell-shaped cochlea that
transduces sound and the vestibular apparatus detecting linear and rotational acceleration. Both organs develop from a shared anlage,
the otocyst; and while the ventral side of the otocyst gives rise to the cochlea, the vestibulum originates from the dorsal half.! Even though
both organs have different functional roles, they both rely on mechanosensitive hair cells (HCs) that convert mechanical stimuli into graded
receptor potentials. At the cellular and molecular level, vestibular and cochlear HCs share many characteristics, such as the role of the hair
bundles in detecting the stimuli or the function of synaptic proteins in signal transmission.” Furthermore, the sensory cells of both organs
are embedded in a layer of supporting cells (SCs) that, among other things, provide structural integrity and metabolic support.

However, there are numerous differences in anatomy and function of the HCs that relate to the different organs. For example, two types of
HCs are characteristic for the organ of Corti, where one row of inner HCs functions to detect sound and three rows of outer HCs have a role in
signal amplification.” In comparison, HCs of the vestibular apparatus segregate into type | and type Il HCs.* They are characterized by

1.5 Within these four distinct categories of
7-10

different types of innervations and expression of marker genes such as Ocm, Anxa4, and Spp
HCs, there arises an array of more subtle structural, molecular, and functional differences by region within each organ.

Genetic mutations, drugs, and environmental factors such as noise exert a negative impact on inner ear function.''”'* Damage that results
in HC loss is irreversible and contributes to the prevalence of hearing and balance disorders worldwide.'*"® In recent decades, advances in
stem cell biology have opened new avenues to therapeutic discovery and novel approaches to regenerative medicine. One of the most sig-
nificant advances in this area is the development of organoid culture platforms. Organoids are three-dimensional, multicellular model tissues
that recapitulate many of the developmental, structural, and functional features of complex organs in vitro."® As such, organoid platforms
provide unique opportunities to explore the molecular mechanisms of disease and to generate cells or tissues for regenerative medicine.'’
Koehler et al. established a systematic approach for the derivation of inner ear organoids,'®'? where application of an artificial matrix (Ma-
trigel) and manipulation of BMP, TGFB, FGF, and WNT pathways result in the differentiation of sensory epithelia containing HC-like cells
(HCLCs), SC-like cells (SCLCs), and synaptic connections to otocyst-derived neurons.”” More recently, inner ear organoid cultures have
been used to model the genetic basis of inner ear disorders”’”” and the developmental signals that regulate regional specializations in
the ear.”*”" However, the degree to which inner ear organoids mimic the complexity of the normal inner ear remains uncertain, limiting their
broad utility in downstream applications.

Here we aimed to characterize the cellular diversity of organoid derived HCs at a whole transcriptome scale in an unbiased approach.
Therefore, we used single-cell RNA sequencing (scRNA-seq) and sampled 15,001 cells from late-stage mouse organoids at three different
time points. HCLC and SCLC clusters were found and comparison with in vivo differentiated HCs revealed differentiation of auditory and
vestibular like HCLCs in vitro. Finally, trajectory-based analysis of the vestibular like fraction of cells confirmed that organoid derived
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Figure 1. scRNA-seq profiling of late-stage inner ear organoids
(A) Differentiation strategy for inner ear organoids modified from Koehler et al.

(B) Schematic representation of the experimental workflow used in this study.

(C) Representative micrographs of individual HCLCs stained with an antibody against GFP and phalloidin in single cell preparations of D22 organoids.

(D) FACS plot and gating strategy to isolate cells expressing GFP at high and low levels.

(E) UMAP plots to show the clustering of 16, 20, and 21 DIV cells processed in four aggregated libraries to rule out technical variations for scRNA-seq experiments.
(F) UMAP of all cells isolated with Gfp expression levels color coded.

(G) UMAP plots of cells isolated with cell type annotations. Cell types constituting the otic epithelium segregated into 5 clusters.

(H) Expression heatmap for 15,001 organoid cells (y axis) and DEGs (x axis). Shown are the top 100 DEGs for each of the 11 clusters identified. Cluster identities
were determined based on DEGs known as canonical markers (also see Figure STE).

(I'and J) UMAP of all otic epithelial cells. Pax2 (1) and Six1 (J) mRNA expression projected.

(K and L) Representative micrographs of 12 DIV cysts represented in cryosections and stained using antibodies. Anti-PAX2 (K) and Anti-SIX1 (L) counterstained
with DAPI.

(M) Otic epithelial cells segregated into 3,029 HCLCs (green) and 1,581 SCLCs (purple).

(N) Volcano plots of DEGs comparing HCLCs and SCLCs. Cutoff: adjusted p value <0.05 and absolute value of log2FC > 0.25.

(O and P) Representative micrograph of 22 DIV cysts represented in cryosections and stained using antibodies against GFP (O,P), MYO7A (O), and SOX2 (P).
HCLC - hair cell-like cells, SCLC - supporting cell-like cells, Neu — neuronal cells, MC — Merkel cell, KC - keratinocyte cells, NCC - neural crest cells, NC —
notochord cells, NPC - neural progenitor cells, ESC — embryonic stem cells, OEC - otic epithelial cells, DEG - differentially expressed gene. Scale bars:
10 pm in C, 100 pm in K,L, and 50 um O,P. (B) was created with BioRender.com. See also Figure S1.

HCLCs develop into type | and type Il like vestibular HCLCs. Importantly, gene expression dynamics along the trajectory closely resembled
temporal changes during in vivo development, not only for a limited number of genes, but also at whole transcriptome level.

RESULTS
Generation of inner ear organoids from Atoh1-nGFP mouse ESCs

For generation of inner ear organoids from mouse ESCs, we adapted the original protocol published by Koehler and Hashino,'” as reported
previously.””? In brief, cells were exposed to a combination of growth factors and small molecules to induce differentiation from ectoderm to
placodal intermediates and cystic organoids (Figure 1A). We used an Atoh1-nGFP?® ESC line to label nascent HCs and to allow for enrichment
of HCLCs. Three-dimensional aggregates of these ESCs were formed on culture day 0 followed by treatment with the artificial extracellular
matrix Matrigel to induce definitive ectoderm. Shortly after, application of BMP4 and RepSox guided formation of non-neural ectoderm, and
about 24-h later, addition of FGF2 plus BMP-inhibitor LDN193189 helped pattern placodal domains. After this cue-driven patterning, otic
intermediates self-assembled into cystic organoids composed of HC, SCs, and neurons, as published previously” (Figure S1A). Cystic
organoids were produced by approximately 40-60% of the aggregates in any culture plate, with the majority of those cysts incorporating
GFP-positive cells indicative of the presence of sensory HC lineages (Figure S1B). The experimental paradigm included dissociation of whole
organoids, fluorescence-activated cell sorting (FACS), and subsequent scRNA-seq analysis (Figure 1B). To verify that sensory HCLCs survived
the isolation procedures, we stained the single-cell suspension from organoids 22 days in vitro (DIV) with an antibody to GFP and labeled the
actin-rich hair bundles using a fluorescently conjugated phalloidin (Figure 1C).

Transcriptional profiling of inner ear organoids

Single cells from late-stage whole organoid preparations at 16, 20, and 21 DIV were sorted based on GFP-fluorescence intensity levels into
GFP-high and -low groups (Figures 1D and S1C) and processed individually for library preparation using the 10x Genomics scRNA-seq plat-
form. Overall, 15,001 cells passed a stringent quality control (Figures 1E and S1D), and the sorting strategy was validated by plotting Gfp tran-
script levels onto the UMAP projection (Figure 1F). In total, 22 clusters (Figure 1G) were identified using the Seurat v3?’ pipeline and differ-
entially expressed genes (DEGs) (adjusted p value <0.05) were determined by comparing averaged gene expression for each cluster with the
remaining cells (Figure TH). Altogether, 23,356 DEGs were identified with an average count of 1,062 DEGs per cluster. Known marker genes
among the DEGs were used to annotate cluster identities (Figure STE). Briefly, transcripts for early otic epithelial markers such as Pax2 and Six1
were detected in inner ear organoids between 16 and 21 DIV (Figure 11 and 1J). Similarly, antibodies raised against PAX2 and SIX1 stained the
organoid vesicle intermediates at 12 DIV (Figures 1K and 1L). Furthermore, a separation of HCLCs and SCLCs (Figure 1M) was found based on
differential expression of markers such as Atoh, Pou4f3, Myo7a”®* and Sox2, Jag1, and Gjb2*'~** (Figure 1N), respectively. Cryosections
through the cysts reveal large, fluid-filled lumens lined with cells positively stained for the sensory HC marker MYO7A (Figure 10). Among
10 independent organoids, over 90% of MYO7A-positive cells co-expressed GFP. Notably, organoids also contained SOX2-positive
SCLCs, which occasionally co-labeled with GFP (Figure 1P). In summary, using scRNA-seq we successfully collected whole transcriptome pro-
files of 3,029 HCLCs and 1,581 SCLCs from three independent experiments across 5 clusters.

The sorting strategy resulted in collection of off-target cells that were excluded from further analysis but annotated based on the DEGs
(Figure STE). Briefly, different types of neuronal like cells were represented in three clusters that expressed markers such as Map2 and Neu-
rod2.**7** Merkel cell like cells were identified based on Krt18, Syn2, and Piezo2”* expression, while a population of keratinocyte like cells
was identified based on Krt5, Krt14, Krt15%” expression. Neural crest like cells were characterized by differential expression of Twist1 and
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Figure 2. SCLC sub-cluster analysis

(A) UMAP of all otic epithelial cells with Sox70 mRNA expression projected.

(B) Seurat clustering resolved two sub-cluster in the SCLC population.

(C) Volcano plots of DEGs comparing NSECs (red) and sensory SCLCs (yellow). Cutoff: adjusted p value <0.05 and absolute value of log2FC > 0.25.
(D and E) UMAP of all otic epithelial cells with Sox2 (D) and Oc90 (E) mRNA expression projected.

Col1a2.°%*" Smaller clusters of notochord like cells, neural precursors, and residual pluripotent stem cells were identified by T, Ascl1 and

Pou5f1 expression.**

In vitro differentiation of SCLCs and non-sensory epithelial cells

We identified a large number of Sox10+*? (Figure 2A) SCLCs in our cell samples. This observation concurred with previous reports of low
Atoh1-GFP expression levels in subpopulations of organ of Corti SCs such as inner border cells™ and is likely due to specifics of the transgenic
reporter construct that utilizes a single Atoh1 enhancer element to drive the GFP expression.?® The initial clustering resolved two sub-pop-
ulations of SCLCs (Figure 2B). Based on differential gene expression (Figure 2C), sub-clusters were annotated as sensory SCLCs and non-sen-
sory epithelial cells (NSECs)."® For example, the majority of SCLCs expressed markers such as Sox2, Jag1, and Lfng (Figures 2C, 2D, and
S1E), %78 reminiscent of SCs in the sensory epithelia of the inner ear, whereas cells of the smaller cluster expressed genes such as Oc90,
Otol1, and Otoa (Figures 2C-2E and S1E),*” " resembling the cell types lining the inner ear fluid spaces outside the sensory epithelia. During
embryonic development of the cochlea, these cell types constitute the cochlear roof, which will later give rise to structures such as stria vas-
cularis and Reissner’'s membrane. In summary, this finding demonstrates that organoid derived SCLCs differentiate into at least two different
types of inner ear SCLCs, raising questions about the cellular identities of the different HCLC sub-clusters identified.

Transcriptional kinetics during in vitro HC differentiation

While SCLCs segregated based on spatial identity, an RNA velocity analysis® suggests that the HCLC clustering corresponds to different
states of HC maturation (Figure 3A). Briefly, the algorithm determines RNA velocity as a ratio of preprocessed versus processed mRNAs
and allows for embedded projection of RNA velocity with UMAP clustering. Dynamically changing cell states are characterized by high
RNA velocity, while differentiated states exhibit steady state kinetics with low RNA velocity. Analyzing transcriptional kinetics of in vitro gener-
ated HCs, we found differential RNA velocity within the three HC clusters (Figure 3A). For example, the cluster exhibiting highest RNA velocity
was characterized by genes indicating early HC development such as Atoh1, Lhx3, and Jag2 (Figures 3A-3D).>***>* Whereas lower RNA ve-
locities were associated with clusters that differentially expressed genes contributing to function of HCs such as Tmc1, Espn and Kcnal0
(Figures 3A=3C and 3E).>>" In summary, the RNA velocity analysis supports the hypothesis that HCLCs clustering along UMAP2 represent
the temporal aspect of HC maturation as visualized in a pseudotime projection (Figure 3F).
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Figure 3. Transcriptional kinetics in HCLCs

(A) UMAP of all otic epithelial cells with cluster ID and RNA velocity projected as arrows (left panel). Length of the arrow corresponds to RNA velocity. Violin plots
of RNA velocity for the three HCLC clusters (right panel). Cluster ID is color coded. The violin plots show significantly different RNA velocities between the
immature cluster and the two mature clusters. ***p < 0.001 (Wilcoxon rank-sum test).

(B and C) Volcano plots of DEGs comparing immature (orange) and mature HCLCs (brown (B) and purple (C)). Cutoff: adjusted p value <0.05 and absolute value of
log2FC > 0.25. (D,E) UMAP of all otic epithelial cells with Atoh1 (D) and Tmc1 (E) mRNA expression projected.

(F) UMAP of all otic epithelial cells with RNA velocity based pseudotime superimposed.

Differentiation of vestibular and auditory HCLCs and SCLCs in vitro
During inner ear organogenesis, auditory and vestibular HC lineages develop from opposite ends of the otocyst. Aiming to identify the line-
age identities of the three HCLC clusters, we first re-clustered the HCLCs and SCLCs to increase cluster resolution using CellTrails and 3
SCLC and 5 HCLC CellTrails states were determined (Figure 4A). Next, to further investigate auditory versus vestibular specific HC- and
SC-differentiation, we calculated cell type specific enrichment scores that were projected onto the in vitro data at single cell resolution (Fig-
ure 4B and 4C). Briefly, DEGs for in vivo differentiated auditory and vestibular HCs, as well as SCs were calculated using previously published
micro array data from postnatal day 1 (P1) mice (Figures S2A-52D).% Overall, 661 auditory versus vestibular HC-specific DEGs and 846 audi-
tory versus vestibular SC-specific DEGs were determined. Gene set enrichment analysis for the HCLCs and SCLCs was performed using the list
of auditory and vestibular HC-specific DEGs and Single-Cell Signature Explorer.”” For visualization, auditory and vestibular HC enrichment
scores were projected onto the UMAPs (Figure 4B and 4C). Differential vestibular HC scores were calculated for state Sé (Figure 4B), while
auditory HC scores were differentially enriched in state S8 (Figure 4C). At the individual gene level, this finding was supported by Cib3 being
exclusively detected in vestibular-like HCLCs, while Cib2 was found in auditory HCLCs as well as in young vestibular HCLCs (Figures S2E and
S2F).0

The enrichment analysis did resolve differential scores for vestibular SCs in states S1 and S2 compared to S3, while auditory scores were not
significantly different in state S3 (Figures S2G-S2J).

Joint analysis of in vitro generated HCLCs and in vivo derived HCs

Bulk based micro array data limit the cell type specific resolution of the enrichment score analysis. To resolve organ specific cell types, we
jointly analyzed the transcriptomes of the in vitro generated HCLCs and SCLCs together with previously published and annotated scRNA-
seq data from neonatal (P2, P4, and Pé) utricle’ and P2 organ of Corti (Figures 4D-4G).? After merging the datasets using Seurat v3*/
4,610 in vitro derived cells were visualized together with 861 neonatal utricle and 225 P2 organ of Corti cells. First, we assessed the distribution
of in vivo differentiated cell types in the shared projection (Figure 4D). Cells developed in vivo were intermingled with the HCLC and SCLC
clusters and no separation between in vitro and in vivo developed cells was apparent. As joint analysis was dominated by in vitro generated
HCLCs and SCLCs, the overall topology of the UMAP projection was preserved compared to projecting in vitro derived cells alone (Figure 4E).
The mutually exclusive distribution of in vivo derived utricle and organ of Corti HCs (Figure 4F and 4G) confirmed the asymmetric distribution
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Figure 4. Vestibular and auditory enrichment score analysis

(A-C) Otic epithelial cells were re-clustered using CellTrails to achieve a finer cluster resolution.

(A) In total, 3 SCLC clusters and 5 HCLC clusters were identified.

(B) Vestibular HC enrichment scores projected onto all otic epithelial cells (left panel). Violin plots of vestibular HC enrichment scores for the five HCLC clusters
(right panel). CellTrails state ID is color coded. The violin plots show significantly higher vestibular HC enrichment scores in state S6 compared to the remaining
states. ***p < 0.001 (Wilcoxon rank-sum test).

(C) Auditory HC enrichment score analysis with similar representation as in (B). The violin plots show significantly higher auditory HC enrichment scores in state S8
compared to the remaining states. ***p < 0.001 (Wilcoxon rank-sum test) (right panel).

(D-G) Joint analysis of in vitro generated HCLCs and SCLCs with primary cells isolated from neonatal mouse utricle and P2 organ of Corti cell types.

(D) Joint UMAP projection of all cells with in vitro (red) and in vivo (blue) origin color coded.

(E) UMAP of the joint projection with CellTrails states color coded as outlined in (A) and both in vivo datasets color coded in gray.

(F) UMAP of the joint projection with neonatal utricle cells annotated as previously published.” Remaining cells color coded in gray.

(G) UMAP of the joint projection with P2 organ of Corti cells annotated as previously published.® Remaining cells color coded in gray. See also Figure S2.

of micro-array based organ specific enrichment scores (Figure 4B and 4C). Together, co-analysis of our organoid derived cells with previously
published data of in vivo developed HCs and SCs indicate differentiation of cochlear and vestibular-like cell types in vitro.

Differentiation of organ of Corti-like HCLCs in vitro

To further analyze organ specific characteristics, we revisited the joint alignment analysis of in vitro and in vivo generated inner ear cell types
(Figure 5A). Differences along UMAP2 likely correspond to differences in developmental maturation stages as visualized by RNA velocity (Fig-
ure 3A). Therefore, we plotted the anatomical origin, apex versus base, for the organ of Corti derived HCs and SCs (Figure 5A). At P2, basal
cochlear HCs are more mature compared to their apical counterparts. Hence, more mature HCs isolated from the base clustered with state S8
and immature HCs isolated from the apex localized to the immature in vitro derived cells as represented by state S5.

While development and maturation proceed in gradients extending from the base toward the apex of the cochlea, morphogens such as
SHH, BMP7, and RA®'=*? pattern regional identities of cochlear floor cells depending on their relative position along the longitudinal (tono-
topic) axis of the cochlea.®* During embryonic development, regional identity is mirrored in tonotopic gene expression pattern of genes such
as Fst, Hmga2, and A2m 03059 However, during organoid development, none of the candidate genes were detected in HCLCs nor in SCLCs
(Figures S3A-S3C). Together, these findings suggest that cues mediating apex-to-base regional identity are not mediated by the self-guiding
protocol.

To further analyze organ specific characteristics, we revisited the joint alignment analysis of in vitro and in vivo generated inner ear cell
types and projected organ of Corti inner HC (IHC) and outer HC (OHC) identities (Figure 5B). Both, P2 IHCs and OHCs were projected inter-
mingled and spread along UMAP2. Next, enrichment scores for perinatal and adult IHCs and OHCs (Figures 5C, 5D, 5I, and 5J) were calcu-
lated using bulk RNA-seq data.”” Perinatal OHC scores were enriched in in vitro generated cluster S8, while adult OHC scores were
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Figure 5. Postnatal and adult IHC and OHC enrichment score analysis

(A and B) Joint analysis of in vitro generated HCLCs and SCLCs with primary cells isolated from neonatal mouse utricle and P2 organ of Corti cell types.

(A) Joint UMAP projection of all cells with apical (red) and basal organ of Corti cells (blue) color coded. Remaining cells color coded in gray.

(B) Joint UMAP projection of all cells with IHCs (gold) and OHCs (purple) color coded. Remaining cells color coded in gray. (C-J) IHC vs. OHC enrichment score
analysis.

(C) PO OHC enrichment scores projected onto all otic epithelial cells (left panel). Violin plots of PO OHC enrichment scores for the five HCLC clusters (right panel).
CellTrails state ID is color coded. The violin plots show significantly higher PO OHC enrichment scores in state S8 compared to the remaining states. ***p < 0.001
(Wilcoxon rank-sum test).

(D) Adult OHC enrichment score analysis with similar representation as in (C). The violin plots show significantly higher adult OHC enrichment scores in state S7
compared to the remaining states. ***p < 0.001 (Wilcoxon rank-sum test).

(E-H) Gene expression analysis in OHC-like cells along pseudo time. State S8 cells were extracted (E), RNA velocity values projected (F), and expression levels of
different developmentally relevant genes projected along pseudotime (G,H).

(land J) PO (I) and adult (J) IHC enrichment score analysis with similar representation as in (C,D). The violin plots show significantly higher PO IHC enrichment scores
in states S4 and Sé compared to the remaining states. ***p < 0.001 (Wilcoxon rank-sum test) (I, right panel). In comparison, no statistically significant enrichment
was fount for the adult IHC scores in the HCLC compartment (J, right panel). See also Figure S3.

differentially higher in the more mature HCLCs of cluster S7 (Figure 5C and 5D). Among the DEGs of state S8 we found genes known to be
expressed in OHCs such as Insm1 and Bcl11b (Figures S3D and S3E).*”® To resolve the changes of gene expression during OHC-like differ-
entiation, we ordered the cells of state S8 along pseudotime-based on RNA velocity (Figures 5E-5H). For orientation, the OHC trajectory
resolved a downregulation of Atoh1, which has been reported to occur in vivo starting around E17.5.°” Genes expressed in OHCs such as
Insm1 and Gng8°®’° showed similar dynamics (Figure 5G). On the other hand, genes indicative of postnatal OHC development such as
Ikzf2"" were expressed during the second half of the OHC trajectory (Figure 5H). Other functionally relevant genes such as Slc26a5 encoding
for Prestin’? were not detected in the in vitro generated OHC-like cells. Together, these findings suggest that within 20 DIV organoid derived
OHC-like cells mature to a level that is most similar to early postnatal stages.

In comparison, perinatal IHCs scores were enriched in states S4 and S6, while adult IHC scores were not enriched in the HCLCs (Figure 5I
and 5J). Interestingly, both states S4 and Sé were also characterized by differential vestibular enrichment scores (Figure 4B), a finding that is
likely due to a high number of shared genes between vestibular and IHCs such as Tbx2,°%"*® Brip1,°”"” Pvalb,”®’? and Calb2>*°
(Figures S2A-S2D and S3F-S3I). In summary, the results presented above indicate that a small proportion of the HCLCs followed an OHC
trajectory with maturation beyond the perinatal stage as indicated by the adult OHC enrichment scores. Maturation of young IHC-like
HCLCs either does not occur or is obscured by vestibular-like differentiation. A progression toward more mature IHC-like stages comparable
to the OHC-like HCLCs was not observed.

Differentiation of vestibular-like HCLCs in vitro
Our initial analysis and previous reports'®?'"%? indicate that the majority of in vitro generated HCLCs differentiate into vestibular phenotypes
by default. To elucidate the phenotypic variation of the vestibular-like HCLCs, we calculated enrichment scores for perinatal extrastriolar type
Il, extrastriolar type |, and striolar type | HCs based on previously published data’ using Single-Cell Signature Explorer® (Figures 6A-6C). Cells
of the state S5 were characterized by differential type Il extrastriolar HC scores and differential expression of the type Il marker gene Anxa4”
was detected (Figure 6A). Extrastriolar type | HC scores were enriched in state $6 and the type | HC marker Spp1° was differentially expressed
in state S6 as well (Figure 6B). Finally, state S4 exhibited differential striolar type | HC scores although at lower levels. Similarly, Ocm, a marker
for striolar HCs,® was differentially expressed in state S4 (Figure 6C).

RNA velocity as well as the gene expression pattern of individual genes such as Atoh1 and Tmc1 suggest that the cells collected repre-
sent different stages of HC maturation. To further investigate the gene expression dynamics of vestibular HCLC development, single cell
trajectory analysis was performed using CellTrails.”® After excluding state S8 organ of Corti-like HCs, eleven states (S') were identified (Fig-
ure 6D). Projecting the cell trails states onto the trajectory, SCLCs (51-S3') and HCLCs (S4’-S11') were located at opposite ends of the
trajectory. Next, we projected types | and Il HC specific enrichment scores onto the reconstructed trajectory to identify cell type specific
trajectories. The extrastriolar type Il HC trajectory (trail A™ Y™) was defined as a sub-trail starting from the S2’ branching point between
sensory SCLCs and NSECs toward state S5 HCLCs (52" — S3' — S4'— S5') (Figure 6E). Similarly, the extrastriolar type | trajectory (trail
B V) started at the S2' branching point but extended further to an endpoint constituted by state S11 HCLCs (52 — S3' — S4'— S5 —
S6' — S7'" — S8 — S9'— S11') (Figure 6F). Considering the low scores for the striolar type | HCLCs, we refrained from defining a desig-
nated trajectory (Figure 6G).

In vivo versions of the type | and type Il HC trajectories (trails A™ Y® and B™™ Y*°) reconstructed from perinatal utricle cells have previously
been published (Figure 6H).” To analyze the similarity of the gene expression dynamics during in vitro and in vivo HC development, we aligned
the trajectories in a Cosine similarity matrix and visualized the results using a heatmap (Figures 6l and 6J). We denoised the data by aggre-
gating the six nearest neighboring cells of the trajectory into metacells. Metacells from the in vitro generated SCLCs (S2') aligned to in vivo
developed SCs (SVII), type ll-like HCLC metacells (S5') aligned to perinatal type Il HCs (SV) (Figure 6l), and type I-like HCLCs (S11") aligned to
perinatal type | HC metacells (Sll) (Figure &6J). The highest similarity scores were arranged in a diagonal across the heatmaps, indicating that
start and endpoints for the in vivo and in vitro derived trajectories were aligned properly. Highest similarity scores were characteristic for early
HC precursors of states S4' and SVIII.
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Figure 6. Comparative trajectory analysis of vestibular HCs and HCLCs

(A) Extrastriolar type Il HC enrichment scores projected onto all otic epithelial cells (left panel). The inset shows similar UMAP with CellTrails states color coded for
orientation. UMAP of all otic epithelial cells with Anxa4 mRNA expression projected (top right panel). Violin plots of extrastriolar type Il HC enrichment scores for
the five HCLC clusters (bottom right panel). The violin plots show significant enrichment of extrastriolar type Il HC enrichment scores in state S5 compared to the
remaining states. ***p < 0.001 (Wilcoxon rank-sum test).

(B) Extrastriolar type | HC enrichment score analysis with similar representation as in (A). UMAP of all otic epithelial cells with SppT mRNA expression projected
(top right panel). The violin plots show significantly higher extrastriolar type | HC enrichment scores in state S6 compared to the remaining states. ***p < 0.001
(Wilcoxon rank-sum test) (bottom right panel).

(C) Striolar type | HC enrichment score analysis with similar representation as in (A). UMAP of all otic epithelial cells with Ocm mRNA expression projected (top
right panel). The violin plots show significant enrichment of the striolar type | HC scores in state S4 compared to the remaining states. ***p < 0.001 (Wilcoxon rank-
sum test) (bottom right panel).

(D) Inferred branching trajectory graph for in vitro generated SCLCs and HCLCs with 11 states (S'). Organ of Corti-like HCLCs were excluded. SCLC and HCLC
identities are indicated.

(E-G) Extrastriolar type Il (E), extrastriolar type | (F), and striolar type | (G) enrichment scores projected onto the in vitro trajectory. Enrichment scores are color
coded for high (red) and low (blue). Inferred extrastriolar type Il (trail A™ V") and extrastriolar type | (trail B ¥
(H) Inferred branching trajectory graph for in vivo developed SCs and HCs with 12 states as previously published.” CellTrails states are color coded. Cell type
annotations and inferred extrastriolar type Il (trail A™ *°) and extrastriolar type | (trail B “*°) trajectories are indicated.

are indicated.

(I) Cosine similarity matrix comparing trail A™ “"° (y axis) with trail A" ¥ (x axis). Cells are ordered along trail A and aggregated into metacells. Similarity is color
coded from high (red) to low (green).

(J) Cosine similarity matrix comparing trail B™ V“° (y axis) with trail B™ "' (x axis). Similar data representation as in (I).

(K) Dynamic gene expression for 3730 genes along trail A" "°. The cell density of the trail is indicated at the top of the heatmap. The order of the genes along the
y axis was determined by the similarity of their expression patterns.

(L) Dynamic gene expression along trail A™ V°. Order of the genes and data representation are similar to (K).

(M) Dynamic gene expression for 6890 genes along trail B V*°. The order of the genes along the y axis was determined by the similarity of their expression
patterns.

(N) Dynamic gene expression along trail B™ Y. Order of the genes and data representation are similar to (M).

(O-R) Expression dynamics of Sox2 (green), Atoh1 (red), and TmcT (blue) along trail A™ ¥*° (O), trail A Y™ (P), trail B ¥ (Q), and trail B™ V™ (R). See also
Figure S4.

To compare gene expression dynamics along the individual trajectories at whole transcriptome level, we fitted generalized
additive models of gene expression as a function of pseudotime using CellTrails as outlined by Taha et al. (Figures 6K-6N). This allowed
us to systematically identify genes that are changing along a specific trail to determine similarities and differences between in vivo and
in vitro development. In case of the type Il trajectory (trail A), 3,730 genes were dynamically changing along the trajectory as previously
published (Figure 6K). We used the order of genes in the heatmap as a template to analyze temporal gene expression along the type
Il in vitro trajectory (Figure 6L). Overall, 3,491 genes (93.6%) were found with similar expression dynamics compared to the in vivo trail.
The remaining genes were not detected in the in vitro dataset. Similarly, 6890 genes in the type | trajectory (trail B) followed similar dy-
namics in expression, while 641 of the genes found with differential expression along the in vivo trail were not detected in vitro (Figures 6M
and 6N). Aiming to elucidate differences between in vitro and in vivo HC differentiation, genes that were absent in the in vitro trajectory
were extracted and absolute expression values were plotted along the in vivo trajectory (Figure S4A). Based on this analysis, most of the
candidate genes were expressed close to the limits of detection in the smart-seq based utricle dataset. A GO-term analysis of the same
genes revealed significant enrichment for 5 GO terms, potentially indicating deficits in synapse formation for the in vitro generated HCs
(Figure S4B).

To visualize differentiation of HCLCs into type | and type Il-like fates, we focused on the expression of three candidate genes (Figures 60—
6R). Sox2 is a transcription factor that is expressed in sensory SCs and type Il HCs. Confirming the expression of the type Il HC specific marker,
continuous Sox2 expression was found for the in vivo and in vitro versions of trail A (Figures 60 and 6P). Atoh1, the master regulator of HC
fate,*®is induced after Sox2 upregulation in trail A for both in vivo and in vitro generated HCs. Similarly, Tmc7, associated with the function of
HCs,”” exhibits a steady increase in expression during the time course reconstructed by trail 1 for both paradigms. type | HCs in comparison
do not express significant levels of Sox2. However, a transient expression of the transcription factors was detected for both in vivo and in vitro
differentiated type | HCs (Figures 6Q-6R). Similarly, the Atoh1 expression pattern is of transient nature and Tmc1 shows a steady increase in
expression comparable to what has been observed in type Il HCs in vivo and in vitro.

Together, these findings demonstrate that in vitro-based HCLC differentiation is not restricted to a small number of genes such as Atoh1
and Sox2, but closely resembles gene expression pattern and dynamics as seen in vivo at whole transcriptome level.

DISCUSSION

Despite the enormous potential that has been attributed to inner ear organoids in regenerative medicine and basic science research, our
understanding of how HCLCs develop in vitro and the knowledge about their phenotypic diversity remains limited. In this study, we used
scRNA-seq to transcriptionally profile in vitro generated HCLCs and SCLCs and compared the data to different auditory and vestibular
cell types. We studied so called late-stage organoids to elucidate the differentiation potential and we aimed to determine the level of matu-
ration present in in vitro differentiated cell types.
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Organ specification

Early stages of organoid differentiation—from the pluripotent stem cell to the otocyst stage—are highly controlled with timed chemical cues
that recapitulate major signals in vivo. In contrast, in most current organoid culture protocols, later stages of organoid differentiation—from
the otocyst stage to the functional HCLC—are self-guided with little outside influence. Following the Koehler'? protocol, we cultured organo-
ids between 16 and 21 DIV to generate SCLCs and HCLCs. Based on a combination of trajectory-based analysis using RNA velocity, auditory
and vestibular enrichment score analysis, and joint projection with in vivo developed HCs, a separation into auditory and vestibular HCLCs
was apparent. In comparison, previous studies generating inner ear organoids using a similar protocol concluded that HCs appear to express
morphological and biochemical characteristics like those in vestibular organs.'®®' For example, in a large-scale electrophysiological screen of
153 mouse organoid derived HCs, the majority exhibited mechanotransduction currents and basolateral conductance most similar to type |l
utricular HCs.®* More recently, single-cell transcriptomic evaluations of organoids from human pluripotent stem cells support the general
notion that organoid HCLCs default to a vestibular-like fate.®”®* Even so, at least one report has shown evidence of both vestibular and
cochlear HC fates with only slight modifications to the original Koehler protocol® and modulations of HH and WNT signaling were deemed
sufficient to tip the balance toward cochlear cell fates.”* Using scRNA-seq, we profiled a total of 3,029 HCLCs and in an unbiased clustering
approach we determined that a significant number of HCLCs acquired a transcriptional signature reminiscent of auditory HCs. It remains to be
determined if those cells develop in designated cysts or organoids that exclusively give rise to auditory HCLCs or if they develop intermingled
with their vestibular counter parts. Interestingly, virtually all the cells exhibiting statistically significant organ of Corti enrichment scores,
namely the cells in CellTrails state S8, developed into OHC-like HCs. Also, a progression from postnatal to adult OHC gene expression
pattern was evident based on gene set enrichment scores. However, cardinal genes associated with functionally mature OHCs, such as
Slc26a5 encoding for PRESTIN and Kengd’#® were notably absent in the organ of Corti-like HCLC population raising the question if pro-
longed culture duration would be sufficient to allow further maturation. In comparison, highest perinatal IHC enrichment scores were found
in cells that also share high similarity with extrastriolar type |-like HCs, and there was no evidence for a progression toward maturation of adult-
like IHC-like cells. This finding lends further support to the hypothesis that the OHC fate represents a default state in auditory HC develop-
ment as it has been postulated based on the role of the transcription factor TBX2 in IHC development.®® TBX2 was identified as a master
regulator for the induction of IHCs that would otherwise develop into OHCs in absence of the transcription factor. Hence, absence of
Tbx2 in HCLCs developing into OHC-like cells was confirmed; however, cells of the vestibular trajectory were found to express Tbx2. This
finding suggests, although Tbx2 was identified as master regulator of IHC fate, expression of Tbx2in organoid derived HCLCs is not sufficient
to further drive IHC maturation.

The majority of HCLCs develop into vestibular-like phenotypes. Based on previous reports, this finding was expected; however, the ac-
curacy of how HCLCs recapitulate in vivo HC development was intriguing. While in vivo differentiation from HC precursors into type Il vestib-
ular HCs appears like a binary switch in gene expression pattern, the differentiation into type | vestibular HCs requires a more intricate tem-
poral coordination of transient gene expression.” For both organoid trajectories of differentiation into type | and type Il HCLCs, a
resemblance of the gene expression dynamics at whole transcriptome level was apparent. Moreover, the similarity map comparing in vivo
and in vitro differentiation highlights two putative bottlenecks. First, the transition from SC to HC precursor is characterized by highest sim-
ilarity between in vivo and organoid based gene expression. This finding could indicate that a defined set of genes is necessary to mediate the
progression from SC-like progenitor into HC precursor, while other sections of the trajectory tolerate higher variability. A second bottleneck
was related to state Sé', an intermediate state of the type | specific trajectory (Trail B). The small number of cells contributing to state S6
compared to the other states could indicate that this state is not stable and transition proceeds fast. However, further characterization
and biological relevance of state S5’ remains to be determined.

With respect to SCLCs, a segregation into auditory or vestibular-like cell types was less apparent. Overall, SCLCs resemble vestibular gene
expression signatures based on enrichment scores; however, differentiation into a more generic SC type expressing less organ specific gene
sets could serve as alternate explanation.

Even though, our study focused on so called late-stage organoids collected between 16 and 21 DIV, the UMAP representation visualized a
continuum between SCLCs and HCLCs that allowed for the reconstruction of a developmental trajectory similar to what has been described
for in vivo utricle development.” This finding suggests protracted development of vestibular HCLCs from the SCLC pool; although, a desig-
nated population of stem cell-like cells replenishing the SCLCs was not identified. Analysis of a more expanded culture range, both younger
and older, may be required to identify common progenitors as well as the extent of maturation in this culture system.

Differences in in vivo and in vitro differentiated HCs were attributed to biological and technological reasons. 1) We found differential GO
terms indicating biological deficits in synapse formation for the HCLCs. While in vitro synaptogenesis for inner ear organoids was reported
previously,””® the synaptic structures appear incomplete and atypical for neonatal vestibular HCs. Synapse formation, however, regulates
HC excitability and maturation, and aberrant synapse development leads to the maintenance of immature electrical features in vestibular
HCs.% 2) Further, the different sequencing platforms applied (10x Genomics vs. smart seq2) are associated with different limits of detection,
which in turn might explain why a number of low abundance genes was not detected in the in vitro dataset.

Regional specification

HCs not only differentiate into organ specific subtypes, but also regional specification shapes the function of the cochlear and vestibular HCs.
For example, molecular and physiological differences along the tonotopic axis shape the function of auditory HCs and are critical in frequency
specific hearing.'” Morphogens such as SHH, RA, and Bmp7 have been identified to pattern the apex-to-base axis in the mouse and chicken
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cochlea.”’~*? Naturally, regional specification occurs after organ specification; hence, current versions of the organoid protocol do not pro-
vide specific guidance in this respect. Our integrated analysis of in vivo developed HCs with the HCLCs indicates that the cochlear trajectory,
mainly represented by OHC-like HCLCs, resembles an apex-to-base order. However, absence of tonotopic marker genes such as Fst,*° sug-
gests that the OHC-like trajectory reflects developmental differences rather than spatial identity. Moreover, absence of tonotopic marker
genes suggests that HCLCs do not acquire apical nor basal phenotypes by default.

Vestibular HCs in comparison, exhibit distinctly different neural activity between striolar and extrastriolar regions.®®” Like in patterning of
the tonotopic axis of the cochlea, RA has been identified to play a role in pattering the striolar-extrastriolar axis of the mouse vestibular or-
gans with extrastriolar identity being associated with higher RA levels compared to the striolar identity. Interestingly, the transcriptional pro-
files of the vestibular-like HCLCs indicate differentiation of extrastriolar types | and ll-like HCs, suggesting varied RA signaling between ag-
gregates or within individual organoids. Neither RA itself, nor its precursor retinol (vitamin A) are supplemented with the cell culture media
during generation of the organoids. Although the chemical composition of media components throughout the culture protocol are highly
defined, the addition of animal-derived extracellular matrix Matrigel with notorious lot-to-lot variability raises the possibility of biologically
relevant retinoids within the culture paradigm. Given the largely extrastriolar identity of our organoid HCLCs, we conclude that either unde-
fined media components provide exogenous retinoids and induce regional specification or additional signaling pathways are involved in
striolar-extrastriolar patterning.

In summary, the results of this study indicate that without further guidance HCLCs differentiate into vestibular and auditory phenotypes
randomly, although the extrastriolar vestibular trajectory appears to be preferred. Future efforts in modulating different signaling pathways
following the otocyst stage in vitro hold the promise to control organ as well as region specific differentiation using the organoid model.

Limitations of the study

There are limitations to our study. First, to enrich for HCLCs in our single-cell sequencing experiment, we used the Atoh1-GFP? allele in com-
bination with flow sorting. The reporter utilizes a regulatory element of the Atoh1 gene to drive the expression of GFP. Although presence of
Atoh1-mRNA negative cell types such as postnatal OHC-like cells and SCLCs in our data suggest that the gating strategy for GFP-high and
GFP-low cells resulted in collection of most inner ear epithelium cell types, our gating strategy might have resulted in excluding other GFP-
negative cell types. Second, results presented in this study are based on computational comparison of multiple datasets and identify
numerous genes that define different cell types. We refrained from generating novel hypotheses about gene regulatory networks that drive
cell type specification without functional testing.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
O Embryonic stem cell line and maintenance
o METHOD DETAILS
O Inner ear organoid production
O Single cell isolation and flow sorting
O 10x Genomics protocol
O scRNA-seq analysis
O RNA velocity analysis
O Enrichment score analysis
O Auditory vs vestibular cell types
O Inner vs outer hair cells
O Type | vs Il vestibular hair cells
O Joint analysis
O Vestibular HC trajectory reconstruction
O Similarity matrix
O Cryosection and immunostaining
o QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/].isci.2024.109069.

12 iScience 27, 109069, March 15, 2024


https://doi.org/10.1016/j.isci.2024.109069

iScience

ACKNOWLEDGMENTS

We thank the staff at the University of Michigan Advanced Genomics Core for help and support. This project was supported by funds from the
Department of Veterans Affairs (107 RX003400 to R.K.D.).

AUTHOR CONTRIBUTIONS

JW., J.L, and RK.D. conceived the study, and supervised the project. L.J. and L.L. acquired and analyzed data. J.W. wrote the manuscript
with the help of LJ., L.L., J.L., and RK.D.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: September 26, 2023
Revised: December 20, 2023
Accepted: January 25, 2024
Published: February 1, 2024

REFERENCES

1.

Wu, D.K., and Kelley, M.W. (2012). Molecular
mechanisms of inner ear development. Cold
Spring Harbor Perspect. Biol. 4, a008409.
https://doi.org/10.1101/cshperspect.
a008409.

. McPherson, D.R. (2018). Sensory Hair Cells:

An Introduction to Structure and Physiology.
Integr. Comp. Biol. 58, 282-300. https://doi.
0org/10.1093/icb/icy064.

. Driver, E.C., and Kelley, M.W. (2020).

Development of the cochlea. Development
147. https://doi.org/10.1242/dev.162263.

. Eatock, R.A., and Songer, J.E. (2011).

Vestibular hair cells and afferents: two
channels for head motion signals. Annu. Rev.
Neurosci. 34, 501-534. https://doi.org/10.
1146/annurev-neuro-061010-113710.

. Mclinturff, S., Burns, J.C., and Kelley, M.W.

(2018). Characterization of spatial and
temporal development of Type | and Type |l
hair cells in the mouse utricle using new cell-
type-specific markers. Biol. Open 7,
bio038083. https://doi.org/10.1242/bio.
038083.

. Ono, K., Keller, J., Lépez Ramirez, O.,

Gonzalez Garrido, A., Zobeiri, O.A., Chang,
H.H.V., Vijayakumar, S., Ayiotis, A., Duester,
G., Della Santina, C.C., et al. (2020). Retinoic
acid degradation shapes zonal development
of vestibular organs and sensitivity to
transient linear accelerations. Nat. Commun.
11, 63. https://doi.org/10.1038/s41467-019-
13710-4.

. Jan, T.A,, Eltawil, Y., Ling, AH., Chen, L.,

Ellwanger, D.C., Heller, S., and Cheng, A.G.
(2021). Spatiotemporal dynamics of inner ear
sensory and non-sensory cells revealed by
single-cell transcriptomics. Cell Rep. 36,
109358. https://doi.org/10.1016/].celrep.
2021.109358.

. Wang, S., Lee, M.P., Jones, S., Liu, J., and

Waldhaus, J. (2021). Mapping the regulatory
landscape of auditory hair cells from single-

cell multi-omics data. Genome Res. 31, 1885-
1899. https://doi.org/10.1101/gr.271080.120.

. Wooltorton, J.R.A., Gaboyard, S., Hurley,

K.M., Price, S.D., Garcia, J.L., Zhong, M.,
Lysakowski, A., and Eatock, R.A. (2007).
Developmental changes in two voltage-
dependent sodium currents in utricular hair
cells. J. Neurophysiol. 97, 1684-1704. https://
doi.org/10.1152/jn.00649.2006.

20.

. Ashmore, J. (2020). Tonotopy of cochlear hair

cell biophysics (excl. mechanotransduction).
Current Opinion in Physiology 18, 1-6.
https://doi.org/10.1016/j.cophys.2020.
06.010.

. Petit, C. (2006). From deafness genes to

hearing mechanisms: harmony and
counterpoint. Trends Mol. Med. 12, 57-64.
https://doi.org/10.1016/j.molmed.2005.
12.006.

. Yang, C.H., Schrepfer, T., and Schacht, J.

(2015). Age-related hearing impairment and
the triad of acquired hearing loss. Front. Cell.
Neurosci. 9, 276. https://doi.org/10.3389/
fncel.2015.00276.

. Jiang, L., Zheng, Z., and He, Y. (2021).

Progress in protecting vestibular hair cells.
Arch. Toxicol. 95, 2613-2623. https://doi.org/
10.1007/500204-021-03067-3.

. Hulse, R., Biesdorf, A., Hérmann, K., Stuck, B.,

Erhart, M., Hiilse, M., and Wenzel, A. (2019).
Peripheral Vestibular Disorders: An
Epidemiologic Survey in 70 Million
Individuals. Otol. Neurotol. 40, 88-95. https://
doi.org/10.1097/MAO.0000000000002013.

. Wagner, E.L., and Shin, J.B. (2019).

Mechanisms of Hair Cell Damage and Repair.
Trends Neurosci. 42, 414-424. https://doi.
org/10.1016/j.tins.2019.03.006.

. Rossi, G., Manfrin, A., and Lutolf, M.P. (2018).

Progress and potential in organoid research.
Nat. Rev. Genet. 19,671-687. https://doi.org/
10.1038/s41576-018-0051-9.

. van der Valk, W.H., Steinhart, M.R., Zhang, J.,

and Koehler, K.R. (2021). Building inner ears:
recent advances and future challenges for
in vitro organoid systems. Cell Death Differ.
28, 24-34. https://doi.org/10.1038/s41418-
020-00678-8.

. Koehler, K.R., Mikosz, A.M., Molosh, A.l.,

Patel, D., and Hashino, E. (2013). Generation
of inner ear sensory epithelia from
pluripotent stem cells in 3D culture. Nature
500, 217-221. https://doi.org/10.1038/
nature12298.

. Koehler, K.R., and Hashino, E. (2014). 3D

mouse embryonic stem cell culture for
generating inner ear organoids. Nat. Protoc.
9, 1229-1244. https://doi.org/10.1038/nprot.
2014.100.

Schaefer, S.A., Higashi, A.Y., Loomis, B.,
Schrepfer, T., Wan, G., Corfas, G., Dressler,
G.R., and Duncan, R.K. (2018). From Otic

AR

22.

23.

24.

25.

26.

27.

¢? CellPress

OPEN ACCESS

Induction to Hair Cell Production: Pax25¢™F
Cell Line llluminates Key Stages of
Development in Mouse Inner Ear Organoid
Model. Stem Cell. Dev. 27, 237-251. https://
doi.org/10.1089/scd.2017.0142.

Tang, P.C., Alex, A.L., Nie, J., Lee, J., Roth,
A.A., Booth, K.T., Koehler, K.R., Hashino, E.,
and Nelson, R.F. (2019). Defective Tmprss3-
Associated Hair Cell Degeneration in Inner
Ear Organoids. Stem Cell Rep. 13, 147-162.
https://doi.org/10.1016/j.stemcr.2019.
05.014.

Nie, J., Ueda, Y., Solivais, A.J., and Hashino,
E. (2022). CHD7 regulates otic lineage
specification and hair cell differentiation in
human inner ear organoids. Nat. Commun.
13, 7053. https://doi.org/10.1038/s41467-
022-34759-8.

Tang, P.C., Chen, L., Singh, S., Groves, AK.,
Koehler, K.R., Liu, X.Z., and Nelson, R.F.
(2023). Early Wnt Signaling Activation
Promotes Inner Ear Differentiation via Cell
Caudalization in Mouse Stem Cell-Derived
Organoids. Stem Cell. 41, 26-38. https://doi.
org/10.1093/stmcls/sxac071.

Moore, S.T., Nakamura, T., Nie, J., Solivais,
A.J., Aristizébal-Ramirez, I., Ueda, Y.,
Manikandan, M., Reddy, V.S., Romano, D.R.,
Hoffman, J.R., et al. (2023). Generating high-
fidelity cochlear organoids from human
pluripotent stem cells. Cell Stem Cell 30, 950-
961.e7. https://doi.org/10.1016/j.stem.2023.
06.006.

Hocevar, S.E., Liu, L., and Duncan, R.K. (2021).
Matrigel is required for efficient
differentiation of isolated, stem cell-derived
otic vesicles into inner ear organoids. Stem
Cell Res. 53, 102295. https://doi.org/10.1016/
j.scr.2021.102295.

Lumpkin, E.A., Collisson, T., Parab, P., Omer-
Abdalla, A., Haeberle, H., Chen, P,
Doetzlhofer, A., White, P., Groves, A., Segil,
N., and Johnson, J.E. (2003). Math1-driven
GFP expression in the developing nervous
system of transgenic mice. Gene Expr.
Patterns 3, 389-395. https://doi.org/10.1016/
s1567-133x(03)00089-9.

Stuart, T., Butler, A., Hoffman, P,
Hafemeister, C., Papalexi, E., Mauck, W.M.,
Hao, Y., Stoeckius, M., Smibert, P., and Satija,
R. (2019). Comprehensive Integration of
Single-Cell Data. Cell 177, 1888-1902.e21.
https://doi.org/10.1016/j.cell.2019.05.031.

iScience 27, 109069, March 15, 2024 13



https://doi.org/10.1101/cshperspect.a008409
https://doi.org/10.1101/cshperspect.a008409
https://doi.org/10.1093/icb/icy064
https://doi.org/10.1093/icb/icy064
https://doi.org/10.1242/dev.162263
https://doi.org/10.1146/annurev-neuro-061010-113710
https://doi.org/10.1146/annurev-neuro-061010-113710
https://doi.org/10.1242/bio.038083
https://doi.org/10.1242/bio.038083
https://doi.org/10.1038/s41467-019-13710-4
https://doi.org/10.1038/s41467-019-13710-4
https://doi.org/10.1016/j.celrep.2021.109358
https://doi.org/10.1016/j.celrep.2021.109358
https://doi.org/10.1101/gr.271080.120
https://doi.org/10.1152/jn.00649.2006
https://doi.org/10.1152/jn.00649.2006
https://doi.org/10.1016/j.cophys.2020.06.010
https://doi.org/10.1016/j.cophys.2020.06.010
https://doi.org/10.1016/j.molmed.2005.12.006
https://doi.org/10.1016/j.molmed.2005.12.006
https://doi.org/10.3389/fncel.2015.00276
https://doi.org/10.3389/fncel.2015.00276
https://doi.org/10.1007/s00204-021-03067-3
https://doi.org/10.1007/s00204-021-03067-3
https://doi.org/10.1097/MAO.0000000000002013
https://doi.org/10.1097/MAO.0000000000002013
https://doi.org/10.1016/j.tins.2019.03.006
https://doi.org/10.1016/j.tins.2019.03.006
https://doi.org/10.1038/s41576-018-0051-9
https://doi.org/10.1038/s41576-018-0051-9
https://doi.org/10.1038/s41418-020-00678-8
https://doi.org/10.1038/s41418-020-00678-8
https://doi.org/10.1038/nature12298
https://doi.org/10.1038/nature12298
https://doi.org/10.1038/nprot.2014.100
https://doi.org/10.1038/nprot.2014.100
https://doi.org/10.1089/scd.2017.0142
https://doi.org/10.1089/scd.2017.0142
https://doi.org/10.1016/j.stemcr.2019.05.014
https://doi.org/10.1016/j.stemcr.2019.05.014
https://doi.org/10.1038/s41467-022-34759-8
https://doi.org/10.1038/s41467-022-34759-8
https://doi.org/10.1093/stmcls/sxac071
https://doi.org/10.1093/stmcls/sxac071
https://doi.org/10.1016/j.stem.2023.06.006
https://doi.org/10.1016/j.stem.2023.06.006
https://doi.org/10.1016/j.scr.2021.102295
https://doi.org/10.1016/j.scr.2021.102295
https://doi.org/10.1016/s1567-133x(03)00089-9
https://doi.org/10.1016/s1567-133x(03)00089-9
https://doi.org/10.1016/j.cell.2019.05.031

¢? CellPress

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

14

OPEN ACCESS

Gibson, F., Walsh, J., Mburu, P., Varela, A.,
Brown, K.A., Antonio, M., Beisel, KW., Steel,
K.P., and Brown, S.D. (1995). A type VIl myosin
encoded by the mouse deafness gene
shaker-1. Nature 374, 62-64. https://doi.org/
10.1038/374062a0.

Xiang, M., Gan, L., Li, D., Chen, Z.Y., Zhou, L.,
O'Malley, B.W., Klein, W., and Nathans, J.
(1997). Essential role of POU-domain factor
Brn-3c in auditory and vestibular hair cell
development. Proc. Natl. Acad. Sci. USA 94,
9445-9450. https://doi.org/10.1073/pnas.94.
17.9445.

Woods, C., Montcouquiol, M., and Kelley,
M.W. (2004). Math1 regulates development
of the sensory epithelium in the mammalian
cochlea. Nat. Neurosci. 7, 1310-1318. https://
doi.org/10.1038/nn1349.

. Lautermann, J., ten Cate, W.J., Altenhoff, P.,

Grimmer, R., Traub, O., Frank, H., Jahnke, K.,
and Winterhager, E. (1998). Expression of the
gap-junction connexins 26 and 30 in the rat
cochlea. Cell Tissue Res. 294, 415-420.
https://doi.org/10.1007/s004410051192.
Watanabe, K., Takeda, K., Katori, Y., lkeda, K.,
Oshima, T., Yasumoto, K., Saito, H., Takasaka,
T., and Shibahara, S. (2000). Expression of the
Sox10 gene during mouse inner ear
development. Brain Res. Mol. Brain Res. 84,
141-145. https://doi.org/10.1016/s0169-
328x(00)00236-9.

Kiernan, A.E., Ahituv, N., Fuchs, H., Balling, R.,
Avraham, K.B., Steel, K.P., and Hrabé de
Angelis, M. (2001). The Notch ligand Jagged?1
is required for inner ear sensory
development. Proc. Natl. Acad. Sci. USA 98,
3873-3878. https://doi.org/10.1073/pnas.
071496998.

Wilkinson, D.G. (1993). Molecular
mechanisms of segmental patterning in the
vertebrate hindbrain and neural crest.
Bioessays 15, 499-505. https://doi.org/10.
1002/bies.950150802.

Shibata, H., Oda, H., Mukai, H., Qishi, K.,
Misaki, K., Ohkubo, H., and Ono, Y. (1999).
Interaction of PKN with a neuron-specific
basic helix-loop-helix transcription factor,
NDRF/NeuroD2. Brain Res. Mol. Brain Res.
74, 126-134. https://doi.org/10.1016/s0169-
328x(99)00273-9.

Li, C., Li, X., Bi, Z., Sugino, K., Wang, G., Zhu,
T., and Liu, Z. (2020). Comprehensive
transcriptome analysis of cochlear spiral
ganglion neurons at multiple ages. Elife 9,
e50491. https://doi.org/10.7554/eLife.50491.
Haeberle, H., Fujiwara, M., Chuang, J.,
Medina, M.M., Panditrao, M.V., Bechstedt, S.,
Howard, J., and Lumpkin, E.A. (2004).
Molecular profiling reveals synaptic release
machinery in Merkel cells. Proc. Natl. Acad.
Sci. USA 101, 14503-14508. https://doi.org/
10.1073/pnas.0406308101.

Woo, S.H., Ranade, S., Weyer, A.D., Dubin,
A.E., Baba, Y., Qiu, Z., Petrus, M., Miyamoto,
T., Reddy, K., Lumpkin, E.A., et al. (2014).
Piezo2 is required for Merkel-cell
mechanotransduction. Nature 509, 622-626.
https://doi.org/10.1038/nature13251.

Lane, E.B., Rugg, E.L., Navsaria, H., Leigh,
I.M., Heagerty, A.H., Ishida-Yamamoto, A,
and Eady, R.A. (1992). A mutation in the
conserved helix termination peptide of
keratin 5 in hereditary skin blistering. Nature
356, 244-246. https://doi.org/10.1038/
35624420.

Adams, M.S., Gammill, L.S., and Bronner-
Fraser, M. (2008). Discovery of transcription
factors and other candidate regulators of
neural crest development. Dev. Dynam. 237,

iScience 27, 109069, March 15, 2024

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

1021-1033. https://doi.org/10.1002/dvdy.
21513.

Bildsoe, H., Fan, X., Wilkie, E.E., Ashoti, A.,
Jones, V.J., Power, M., Qin, J., Wang, J., Tam,
P.P.L., and Loebel, D.A.F. (2016).
Transcriptional targets of TWIST1 in the
cranial mesoderm regulate cell-matrix
interactions and mesenchyme maintenance.
Dev. Biol. 418, 189-203. https://doi.org/10.
1016/}.ydbio.2016.08.016.

Takahashi, H., Hotta, K., Erives, A., Di
Gregorio, A., Zeller, RW., Levine, M., and
Satoh, N. (1999). Brachyury downstream
notochord differentiation in the ascidian
embryo. Genes Dev. 13, 1519-1523. https://
doi.org/10.1101/gad.13.12.1519.

Takahashi, K., and Yamanaka, S. (2006).
Induction of pluripotent stem cells from
mouse embryonic and adult fibroblast
cultures by defined factors. Cell 126, 663-676.
https://doi.org/10.1016/j.cell.2006.07.024.
Vierbuchen, T., Ostermeier, A., Pang, Z.P.,
Kokubu, Y., Stidhof, T.C., and Wernig, M.
(2010). Direct conversion of fibroblasts to
functional neurons by defined factors. Nature
463, 1035-1041. https://doi.org/10.1038/
nature08797.

Waldhaus, J., Durruthy-Durruthy, R., and
Heller, S. (2015). Quantitative High-
Resolution Cellular Map of the Organ of
Corti. Cell Rep. 11, 1385-1399. https://doi.
org/10.1016/j.celrep.2015.04.062.

Elkon, R., Milon, B., Morrison, L., Shah, M.,
Vijayakumar, S., Racherla, M., Leitch, C.C.,
Silipino, L., Hadi, S., Weiss-Gayet, M., et al.
(2015). RFX transcription factors are essential
for hearing in mice. Nat. Commun. 6, 8549.
https://doi.org/10.1038/ncomms?549.
Kiernan, A.E., Pelling, A.L,, Leung, KK.H.,
Tang, A.S.P., Bell, D.M,, Tease, C., Lovell-
Badge, R., Steel, K.P., and Cheah, K.S.E.
(2005). Sox2 is required for sensory organ
development in the mammalian inner ear.
Nature 434, 1031-1035. https://doi.org/10.
1038/nature03487.

Basch, M.L., Brown, R.M., Jen, H.I., Semerci,
F., Depreux, F., Edlund, R.K,, Zhang, H.,
Norton, C.R., Gridley, T., Cole, S.E., et al.
(2016). Fine-tuning of Notch signaling sets
the boundary of the organ of Corti and
establishes sensory cell fates. Elife 5, €19921.
https://doi.org/10.7554/elLife.19921.
Zwaenepoel, |., Mustapha, M., Leibovici, M.,
Verpy, E., Goodyear, R., Liu, X.Z., Nouaille, S.,
Nance, W.E., Kanaan, M., Avraham, K.B., et al.
(2002). Otoancorin, an inner ear protein
restricted to the interface between the apical
surface of sensory epithelia and their
overlying acellular gels, is defective in
autosomal recessive deafness DFNB22. Proc.
Natl. Acad. Sci. USA 99, 6240-6245. https://
doi.org/10.1073/pnas.082515999.

Deans, M.R., Peterson, J.M., and Wong, G.W.
(2010). Mammalian Otolin: a multimeric
glycoprotein specific to the inner ear that
interacts with otoconial matrix protein
Otoconin-90 and Cerebellin-1. PLoS One 5,
e12765. https://doi.org/10.1371/journal.
pone.0012765.

Hartman, B.H., Durruthy-Durruthy, R., Laske,
R.D., Losorelli, S., and Heller, S. (2015).
Identification and characterization of mouse
otic sensory lineage genes. Front. Cell.
Neurosci. 9, 79. https://doi.org/10.3389/
fncel.2015.00079.

La Manno, G., Soldatov, R., Zeisel, A., Braun,
E., Hochgerner, H., Petukhov, V.,
Lidschreiber, K., Kastriti, M.E., Lénnerberg,
P., Furlan, A., et al. (2018). RNA velocity of

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

iScience

single cells. Nature 560, 494-498. https://doi.
org/10.1038/s41586-018-0414-6.

Lanford, P.J., Lan, Y., Jiang, R., Lindsell, C.,
Weinmaster, G., Gridley, T., and Kelley, M.W.
(1999). Notch signalling pathway mediates
hair cell development in mammalian cochlea.
Nat. Genet. 21, 289-292. https://doi.org/10.
1038/6804.

Hertzano, R., Dror, A.A., Montcouquiol, M.,
Ahmed, Z.M., Ellsworth, B., Camper, S.,
Friedman, T.B., Kelley, M.W., and Avraham,
K.B. (2007). Lhx3, a LIM domain transcription
factor, is regulated by Pou4f3 in the auditory
but not in the vestibular system. Eur. J.
Neurosci. 25, 999-1005. https://doi.org/10.
1111/j.1460-9568.2007.05332.x.

Rzadzinska, A., Schneider, M., Noben-Trauth,
K., Bartles, J.R., and Kachar, B. (2005).
Balanced levels of Espin are critical for
stereociliary growth and length maintenance.
Cell Motil Cytoskeleton 62, 157-165. https://
doi.org/10.1002/cm.20094.

Lee, S.I., Conrad, T., Jones, S.M., Lagziel, A.,
Starost, M.F., Belyantseva, I.A., Friedman,
T.B., and Morell, R.J. (2013). A null mutation of
mouse Kcnal0 causes significant vestibular
and mild hearing dysfunction. Hear. Res. 300,
1-9. https://doi.org/10.1016/].heares.2013.
02.009.

Pan, B., Géléoc, G.S., Asai, Y., Horwitz, G.C.,
Kurima, K., Ishikawa, K., Kawashima, Y.,
Griffith, AJ., and Holt, J.R. (2013). TMC1 and
TMC2 are components of the
mechanotransduction channel in hair cells of
the mammalian inner ear. Neuron 79,
504-515. https://doi.org/10.1016/j.neuron.
2013.06.019.

Ellwanger, D.C., Scheibinger, M., Dumont,
R.A., Barr-Gillespie, P.G., and Heller, S.
(2018). Transcriptional Dynamics of Hair-
Bundle Morphogenesis Revealed with
CellTrails. Cell Rep. 23, 2901-2914.e13.
https://doi.org/10.1016/j.celrep.2018.05.002.
Pont, F., Tosolini, M., and Fournié, J.J. (2019).
Single-Cell Signature Explorer for
comprehensive visualization of single cell
signatures across scRNA-seq datasets.
Nucleic Acids Res. 47, e133. https://doi.org/
10.1093/nar/gkz601.

Liang, X., Qiu, X., Dionne, G., Cunningham,
C.L., Pucak, M.L,, Peng, G., Kim, Y.H., Lauer,
A., Shapiro, L., and Miiller, U. (2021). CIB2 and
CIB3 are auxiliary subunits of the
mechanotransduction channel of hair cells.
Neuron 109, 2131-2149.e15. https://doi.org/
10.1016/j.neuron.2021.05.007.

Mann, Z.F., Thiede, B.R., Chang, W., Shin,
J.B., May-Simera, H.L., Lovett, M., Corwin,
J.T., and Kelley, M.W. (2014). A gradient of
Bmp7 specifies the tonotopic axis in the
developing inner ear. Nat. Commun. 5, 3839.
https://doi.org/10.1038/ncomms4839.
Thiede, B.R., Mann, Z.F., Chang, W., Ku, Y.C,,
Son, Y.K., Lovett, M., Kelley, M.W., and
Corwin, J.T. (2014). Retinoic acid signalling
regulates the development of tonotopically
patterned hair cells in the chicken cochlea.
Nat. Commun. 5, 3840. https://doi.org/10.
1038/ncomms4840.

Son, E.J., Ma, J.H., Ankamreddy, H., Shin,
J.O., Choi, J.Y., Wu, D.K., and Bok, J. (2015).
Conserved role of Sonic Hedgehog in
tonotopic organization of the avian basilar
papilla and mammalian cochlea. Proc. Natl.
Acad. Sci. USA 112, 3746-3751. https://doi.
org/10.1073/pnas.1417856112.

Mann, Z.F., and Kelley, M.W. (2011).
Development of tonotopy in the auditory


https://doi.org/10.1038/374062a0
https://doi.org/10.1038/374062a0
https://doi.org/10.1073/pnas.94.17.9445
https://doi.org/10.1073/pnas.94.17.9445
https://doi.org/10.1038/nn1349
https://doi.org/10.1038/nn1349
https://doi.org/10.1007/s004410051192
https://doi.org/10.1016/s0169-328x(00)00236-9
https://doi.org/10.1016/s0169-328x(00)00236-9
https://doi.org/10.1073/pnas.071496998
https://doi.org/10.1073/pnas.071496998
https://doi.org/10.1002/bies.950150802
https://doi.org/10.1002/bies.950150802
https://doi.org/10.1016/s0169-328x(99)00273-9
https://doi.org/10.1016/s0169-328x(99)00273-9
https://doi.org/10.7554/eLife.50491
https://doi.org/10.1073/pnas.0406308101
https://doi.org/10.1073/pnas.0406308101
https://doi.org/10.1038/nature13251
https://doi.org/10.1038/356244a0
https://doi.org/10.1038/356244a0
https://doi.org/10.1002/dvdy.21513
https://doi.org/10.1002/dvdy.21513
https://doi.org/10.1016/j.ydbio.2016.08.016
https://doi.org/10.1016/j.ydbio.2016.08.016
https://doi.org/10.1101/gad.13.12.1519
https://doi.org/10.1101/gad.13.12.1519
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.1038/nature08797
https://doi.org/10.1038/nature08797
https://doi.org/10.1016/j.celrep.2015.04.062
https://doi.org/10.1016/j.celrep.2015.04.062
https://doi.org/10.1038/ncomms9549
https://doi.org/10.1038/nature03487
https://doi.org/10.1038/nature03487
https://doi.org/10.7554/eLife.19921
https://doi.org/10.1073/pnas.082515999
https://doi.org/10.1073/pnas.082515999
https://doi.org/10.1371/journal.pone.0012765
https://doi.org/10.1371/journal.pone.0012765
https://doi.org/10.3389/fncel.2015.00079
https://doi.org/10.3389/fncel.2015.00079
https://doi.org/10.1038/s41586-018-0414-6
https://doi.org/10.1038/s41586-018-0414-6
https://doi.org/10.1038/6804
https://doi.org/10.1038/6804
https://doi.org/10.1111/j.1460-9568.2007.05332.x
https://doi.org/10.1111/j.1460-9568.2007.05332.x
https://doi.org/10.1002/cm.20094
https://doi.org/10.1002/cm.20094
https://doi.org/10.1016/j.heares.2013.02.009
https://doi.org/10.1016/j.heares.2013.02.009
https://doi.org/10.1016/j.neuron.2013.06.019
https://doi.org/10.1016/j.neuron.2013.06.019
https://doi.org/10.1016/j.celrep.2018.05.002
https://doi.org/10.1093/nar/gkz601
https://doi.org/10.1093/nar/gkz601
https://doi.org/10.1016/j.neuron.2021.05.007
https://doi.org/10.1016/j.neuron.2021.05.007
https://doi.org/10.1038/ncomms4839
https://doi.org/10.1038/ncomms4840
https://doi.org/10.1038/ncomms4840
https://doi.org/10.1073/pnas.1417856112
https://doi.org/10.1073/pnas.1417856112

iScience

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

periphery. Hear. Res. 276, 2-15. https://doi.
org/10.1016/j.heares.2011.01.011.

Son, E.J., Wu, L., Yoon, H., Kim, S., Choi, J.Y.,
and Bok, J. (2012). Developmental gene
expression profiling along the tonotopic axis
of the mouse cochlea. PLoS One 7, e40735.
https://doi.org/10.1371/journal.pone.
0040735.

Koo, H.Y., Kim, M.A., Min, H., Hwang, J.Y.,
Prajapati-DiNubila, M., Kim, K.S., Matzuk,
M.M., Park, J.W., Doetzlhofer, A., Kim, U.K,,
and Bok, J. (2023). Follistatin regulates the
specification of the apical cochlea
responsible for low-frequency hearing in
mammals. Proc. Natl. Acad. Sci. USA 120,
e2213099120. https://doi.org/10.1073/pnas.
2213099120.

Wiwatpanit, T., Lorenzen, S.M., Cantu, J.A.,
Foo, C.Z,, Hogan, AK., Marquez, F., Clancy,
J.C., Schipma, M.J., Cheatham, M.A,,
Duggan, A., and Garcia-Afoveros, J. (2018).
Trans-differentiation of outer hair cells into
inner hair cells in the absence of INSM1.
Nature 563, 691-695. https://doi.org/10.
1038/s41586-018-0570-8.

Garcia-Afoveros, J., Clancy, J.C., Foo, C.Z,,
Garcia-Gémez, |., Zhou, Y., Homma, K.,
Cheatham, M.A., and Duggan, A. (2022).
Tbx2 is a master regulator of inner versus
outer hair cell differentiation. Nature 605,
298-303. https://doi.org/10.1038/s41586-
022-04668-3.

Cai, T., Seymour, M.L., Zhang, H., Pereira,
F.A., and Groves, A.K. (2013). Conditional
deletion of Atoh1 reveals distinct critical
periods for survival and function of hair cells in
the organ of Corti. J. Neurosci. 33, 10110~
10122. https://doi.org/10.1523/JNEUROSCI.
5606-12.2013.

Kolla, L., Kelly, M.C., Mann, Z.F., Anaya-
Rocha, A, Ellis, K., Lemons, A, Palermo, A.T.,
So, K.S., Mays, J.C., Orvis, J., et al. (2020).
Characterization of the development of the
mouse cochlear epithelium at the single cell
level. Nat. Commun. 11, 2389. https://doi.
org/10.1038/s41467-020-16113-y.

Chessum, L., Matern, M.S., Kelly, M.C.,
Johnson, S.L., Ogawa, Y., Milon, B.,
McMurray, M., Driver, E.C., Parker, A., Song,
Y., et al. (2018). Helios is a key transcriptional
regulator of outer hair cell maturation. Nature
563, 696-700. https://doi.org/10.1038/
s41586-018-0728-4.

Zheng, J., Shen, W., He, D.Z,, Long, K.B.,
Madison, L.D., and Dallos, P. (2000). Prestin is
the motor protein of cochlear outer hair cells.
Nature 405, 149-155. https://doi.org/10.
1038/35012009.

Scheibinger, M., Janesick, A., Benkafadar, N.,
Ellwanger, D.C., Jan, T.A,, and Heller, S.
(2022). Cell-type identity of the avian utricle.
Cell Rep. 40, 111432. https://doi.org/10.
1016/j.celrep.2022.111432.

Kaiser, M., Lidtke, T.H., Deuper, L., Rudat, C.,
Christoffels, V.M., Kispert, A., and Trowe,
M.O. (2022). TBX2 specifies and maintains
inner hair and supporting cell fate in the
Organ of Corti. Nat. Commun. 13, 7628.
https://doi.org/10.1038/s41467-022-35214-4.
Bi, Z., Li, X,, Ren, M., Gu, Y., Zhu, T., Li, S.,
Wang, G., Sun, S., Sun, Y., and Liu, Z. (2022).
Development and transdifferentiation into
inner hair cells require Tbx2. Natl. Sci. Rev. 9,

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

nwac156. https://doi.org/10.1093/nsr/
nwac156.

Kaiser, M., Wojahn, I., Rudat, C., Ludtke, T.H.,
Christoffels, V.M., Moon, A., Kispert, A., and
Trowe, M.O. (2021). Regulation of otocyst
patterning by Tbx2 and Tbx3 is required for
inner ear morphogenesis in the mouse.
Development 148, dev195651. https://doi.
org/10.1242/dev.195651.

Scheffer, D.I.,, Shen, J., Corey, D.P., and Chen,
2.Y. (2015). Gene Expression by Mouse Inner
Ear Hair Cells during Development.

J. Neurosci. 35, 6366-6380. https://doi.org/
10.1523/JNEUROSCI.5126-14.2015.
Simmons, D.D., Tong, B., Schrader, A.D., and
Hornak, A.J. (2010). Oncomodulin identifies
different hair cell types in the mammalian
inner ear. J. Comp. Neurol. 518, 3785-3802.
https://doi.org/10.1002/cne.22424.

Burns, J.C., Kelly, M.C., Hoa, M., Morell, R.J.,
and Kelley, M.W. (2015). Single-cell RNA-Seq
resolves cellular complexity in sensory organs
from the neonatal inner ear. Nat. Commun. 4,
8557. https://doi.org/10.1038/ncomms?557.
Dechesne, C.J., Rabejac, D., and Desmadryl,
G. (1994). Development of calretinin
immunoreactivity in the mouse inner ear.

J. Comp. Neurol. 346, 517-529. https://do.
org/10.1002/cne.903460405.

DeJonge, R.E., Liu, X.P., Deig, C.R., Heller, S.,
Koehler, K.R., and Hashino, E. (2016).
Modulation of Wnt Signaling Enhances Inner
Ear Organoid Development in 3D Culture.
PLoS One 11, e0162508. https://doi.org/10.
1371/journal.pone.0162508.

van der Valk, W.H., van Beelen, E.S.A.,
Steinhart, M.R., Nist-Lund, C., Osorio, D., de
Groot, J.C.M.J., Sun, L., van Benthem, P.P.G.,
Koehler, K.R., and Locher, H. (2023). A single-
cell level comparison of human inner ear
organoids with the human cochlea and
vestibular organs. Cell Rep. 42, 112623.
https://doi.org/10.1016/j.celrep.2023.
112623.

Ueda, Y., Nakamura, T., Nie, J., Solivais, AJ.,
Hoffman, J.R., Daye, B.J., and Hashino, E.
(2023). Defining developmental trajectories
of prosensory cells in human inner ear
organoids at single-cell resolution.
Development 150, dev201071. https://doi.
org/10.1242/dev.201071.

Liu, X.P., Koehler, K.R., Mikosz, A.M.,
Hashino, E., and Holt, J.R. (2016). Functional
development of mechanosensitive hair cells
in stem cell-derived organoids parallels
native vestibular hair cells. Nat. Commun. 7,
11508. https://doi.org/10.1038/
ncomms11508.

Jeong, M., O'Reilly, M., Kirkwood, N.K., Al-
Aama, J., Lako, M., Kros, C.J., and Armstrong,
L. (2018). Generating inner ear organoids
containing putative cochlear hair cells from
human pluripotent stem cells. Cell Death Dis.
9, 922. https://doi.org/10.1038/s41419-018-
0967-1.

Kubisch, C., Schroeder, B.C., Friedrich, T.,
Lutjohann, B., EI-Amraoui, A., Marlin, S., Petit,
C., and Jentsch, T.J. (1999). KCNQ4, a novel
potassium channel expressed in sensory
outer hair cells, is mutated in dominant
deafness. Cell 96, 437-446. https://doi.org/
10.1016/50092-8674(00)80556-5.

Koehler, K.R., Nie, J., Longworth-Mills, E., Liu,
X.P., Lee, J., Holt, J.R., and Hashino, E. (2017).

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

¢? CellPress

OPEN ACCESS

Generation of inner ear organoids containing
functional hair cells from human pluripotent
stem cells. Nat. Biotechnol. 35, 583-589.
https://doi.org/10.1038/nbt.3840.

Brugeaud, A, Travo, C., Demémes, D.,
Lenoir, M., Llorens, J., Puel, J.L., and
Chabbert, C. (2007). Control of hair cell
excitability by vestibular primary sensory
neurons. J. Neurosci. 27, 3503-3511. https://
doi.org/10.1523/JNEUROSCI.5185-06.2007.
Ono, K., Sandell, L.L., Trainor, P.A., and Wu,
D.K. (2020). Retinoic acid synthesis and
autoregulation mediate zonal patterning of
vestibular organs and inner ear
morphogenesis. Development 147. https://
doi.org/10.1242/dev.192070.

Oshima, K., Shin, K., Diensthuber, M., Peng,
AW., Ricci, AJ., and Heller, S. (2010).
Mechanosensitive hair cell-like cells from
embryonic and induced pluripotent stem
cells. Cell 141, 704-716. https://doi.org/10.
1016/j.cell.2010.03.035.

Huber, W., Carey, V.J., Gentleman, R.,
Anders, S., Carlson, M., Carvalho, B.S., Bravo,
H.C., Davis, S., Gatto, L., Girke, T., et al.
(2015). Orchestrating high-throughput
genomic analysis with Bioconductor. Nat.
Methods 12, 115-121. https://doi.org/10.
1038/nmeth.3252.

Hao, Y., Hao, S., Andersen-Nissen, E., Mauck,
W.M., Zheng, S., Butler, A., Lee, M.J., Wilk,
AJ., Darby, C., Zager, M., et al. (2021).
Integrated analysis of multimodal single-cell
data. Cell 184, 3573-3587.e29. https://doi.
org/10.1016/j.cell.2021.04.048.

Aibar, S., Gonzélez-Blas, C.B., Moerman, T.,
Huynh-Thu, V.A., Imrichova, H., Hulselmans,
G., Rambow, F., Marine, J.C., Geurts, P,
Aerts, J., et al. (2017). SCENIC: single-cell
regulatory network inference and clustering.
Nat. Methods 14, 1083-1086. https://doi.org/
10.1038/nmeth.4463.

Fornes, O., Castro-Mondragon, J.A., Khan,
A.,vander Lee, R., Zhang, X., Richmond, P.A,,
Modi, B.P., Correard, S., Gheorghe, M.,
Baranasié, D., et al. (2020). JASPAR 2020:
update of the open-access database of
transcription factor binding profiles. Nucleic
Acids Res. 48, D87-D92. https://doi.org/10.
1093/nar/gkz1001.

Bergen, V., Lange, M., Peidli, S., Wolf, F.A,,
and Theis, F.J. (2020). Generalizing RNA
velocity to transient cell states through
dynamical modeling. Nat. Biotechnol. 38,
1408-1414. https://doi.org/10.1038/s41587-
020-0591-3.

Raudvere, U., Kolberg, L., Kuzmin, I., Arak, T.,
Adler, P., Peterson, H., and Vilo, J. (2019).
g:Profiler: a web server for functional
enrichment analysis and conversions of gene
lists (2019 update). Nucleic Acids Res. 47,
W191-W198. https://doi.org/10.1093/nar/
gkz369.

Durruthy-Durruthy, R., Gottlieb, A., Hartman,
B.H., Waldhaus, J., Laske, R.D., Altman, R.,
and Heller, S. (2014). Reconstruction of the
mouse otocyst and early neuroblast lineage
at single-cell resolution. Cell 157, 964-978.
https://doi.org/10.1016/j.cell.2014.03.036.
Schneider, C.A., Rasband, W.S., and Eliceiri,
K.W. (2012). NIH Image to ImageJ: 25 years of
image analysis. Nat. Methods 9, 671-675.
https://doi.org/10.1038/nmeth.2089.

iScience 27, 109069, March 15, 2024 15



https://doi.org/10.1016/j.heares.2011.01.011
https://doi.org/10.1016/j.heares.2011.01.011
https://doi.org/10.1371/journal.pone.0040735
https://doi.org/10.1371/journal.pone.0040735
https://doi.org/10.1073/pnas.2213099120
https://doi.org/10.1073/pnas.2213099120
https://doi.org/10.1038/s41586-018-0570-8
https://doi.org/10.1038/s41586-018-0570-8
https://doi.org/10.1038/s41586-022-04668-3
https://doi.org/10.1038/s41586-022-04668-3
https://doi.org/10.1523/JNEUROSCI.5606-12.2013
https://doi.org/10.1523/JNEUROSCI.5606-12.2013
https://doi.org/10.1038/s41467-020-16113-y
https://doi.org/10.1038/s41467-020-16113-y
https://doi.org/10.1038/s41586-018-0728-4
https://doi.org/10.1038/s41586-018-0728-4
https://doi.org/10.1038/35012009
https://doi.org/10.1038/35012009
https://doi.org/10.1016/j.celrep.2022.111432
https://doi.org/10.1016/j.celrep.2022.111432
https://doi.org/10.1038/s41467-022-35214-4
https://doi.org/10.1093/nsr/nwac156
https://doi.org/10.1093/nsr/nwac156
https://doi.org/10.1242/dev.195651
https://doi.org/10.1242/dev.195651
https://doi.org/10.1523/JNEUROSCI.5126-14.2015
https://doi.org/10.1523/JNEUROSCI.5126-14.2015
https://doi.org/10.1002/cne.22424
https://doi.org/10.1038/ncomms9557
https://doi.org/10.1002/cne.903460405
https://doi.org/10.1002/cne.903460405
https://doi.org/10.1371/journal.pone.0162508
https://doi.org/10.1371/journal.pone.0162508
https://doi.org/10.1016/j.celrep.2023.112623
https://doi.org/10.1016/j.celrep.2023.112623
https://doi.org/10.1242/dev.201071
https://doi.org/10.1242/dev.201071
https://doi.org/10.1038/ncomms11508
https://doi.org/10.1038/ncomms11508
https://doi.org/10.1038/s41419-018-0967-1
https://doi.org/10.1038/s41419-018-0967-1
https://doi.org/10.1016/s0092-8674(00)80556-5
https://doi.org/10.1016/s0092-8674(00)80556-5
https://doi.org/10.1038/nbt.3840
https://doi.org/10.1523/JNEUROSCI.5185-06.2007
https://doi.org/10.1523/JNEUROSCI.5185-06.2007
https://doi.org/10.1242/dev.192070
https://doi.org/10.1242/dev.192070
https://doi.org/10.1016/j.cell.2010.03.035
https://doi.org/10.1016/j.cell.2010.03.035
https://doi.org/10.1038/nmeth.3252
https://doi.org/10.1038/nmeth.3252
https://doi.org/10.1016/j.cell.2021.04.048
https://doi.org/10.1016/j.cell.2021.04.048
https://doi.org/10.1038/nmeth.4463
https://doi.org/10.1038/nmeth.4463
https://doi.org/10.1093/nar/gkz1001
https://doi.org/10.1093/nar/gkz1001
https://doi.org/10.1038/s41587-020-0591-3
https://doi.org/10.1038/s41587-020-0591-3
https://doi.org/10.1093/nar/gkz369
https://doi.org/10.1093/nar/gkz369
https://doi.org/10.1016/j.cell.2014.03.036
https://doi.org/10.1038/nmeth.2089

¢? CellPress

OPEN ACCESS

STARxMETHODS

KEY RESOURCES TABLE

iScience

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
SOX2 Santa Cruz Cat# sc-365823;
RRID:AB_10842165
MYO7A Proteus Cat# 25-6790
RRID:AB_10015251
PAX2 Invitrogen Cat# 71-6000
RRID:AB_2533990
SIX1 Sigma Cat# HPA001893
RRID:AB_1079991
GFP EMD Millipore Cat# AB3080
RRID:AB_91337
Donkey anti-Rabbit IgG Alexa Fluor Thermo Fisher Scientific Cat# A10042;
568 RRID:AB_2534017
Donkey anti-Mouse IgG Alexa Fluor 568 Thermo Fisher Scientific Cat# A10037;
RRID:AB_2534013
Donkey anti-Rabbit IgG Alexa Fluor 488 Thermo Fisher Scientific Cat# A21206

RRID: AB_2535792

Chemicals, peptides, and recombinant proteins

DAPI

O.C.T compound

Accutase

Thermolysin from Geobacillus stearothermophilus
10% PFA

Triton X-100

Normal Donkey Serum

ProLong Gold Antifade Mountant
Phosphate Buffered Saline

Bovine Serum Albumin

Neurobasal™ Medium

N2 supplement (100X)

Advanced DMEM/F12

B27™ Supplement (50X), minus vitamin A
GlutaMAX™ Supplmenet

ESGRO Recombinant Mouse LIF Protein
CHIR99021

PD0325901

TrypLE™ Express Enzyme (1X)

Glasgow’'s MEM (GMEM)

KnockOut Serum Replacement

HEPES (1M)

MEM Nonessential Amino Acids Solution
Sodium pyruvate (100 mM)

B-mercaptoethanol
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Sigma

Fisher Scientific
Innovative Cell Technologies
Sigma

Electron Microscopy Sciences
Sigma

Jackson ImmunoResearch
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
MilliporeSigma
STEMCELL Technologies
STEMCELL Technologies
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

MilliporeSigma

Cat# 10236276001
Cat# 4585

Cat# AT104

Cat# P1512

Cat# 15712-S
Cat# 1086431000
Cat# 017-000-121
Cat# P36934
Cat# 10010023
Cat# BP9700100
Cat# 21103-049
Cat# 17502048
Cat# 12634010
Cat# 12587010
Cat# 35050061
Cat# ESG1106
Cat# 72052

Cat# 72182

Cat# 12604013
Cat# 11710035
Cat# 10828028
Cat# 15630080
Cat# 11140050
Cat# 11360070
Cat# M3148-100ML
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REAGENT or RESOURCE SOURCE IDENTIFIER
Corning Matrigel Growth Factor Reduced (GFR) MilliporeSigma Cat# 354230
Basement Membrane Matrix

Stemfactor BMP-4, Human Recombinant REPROCELL Cat# 03-0007
RepSox Tocris Bioscience Cat# 3742
LDN193189 in Solution REPROCELL Cat# 04-0074-02
FGF-2 human MilliporeSigma Cat# SRP4037
Gelatin MilliporeSigma Cat# G1890

Critical commercial assays

Chromium Next GEM Chip G Single Cell Kit
Chromium Next GEM Single Cell 3’ Kit v3.1
Library Construction Kit
Dual Index Kit TT Set A
10x Chromium and Next GEM accessory kit

10x Genomics
10x Genomics
10x Genomics
10x Genomics

10x Genomics

Cat# PN-1000120
Cat# PN-1000268
Cat# PN-1000190
Cat# PN-1000215
Cat# PN-100202

Deposited data

Single-cell RNA-seq from mouse cochlear
organoids D16 — D21

This paper

GEO accession number: GSE242675

Experimental models: Cell lines

Atoh1-nGFP ESCs

Heller Laboratory”™

N/A

Software and algorithms

Original code
CellRanger (v. 6.1.2)

R(v. 4.1.2)

Python (v. 3.9)
Bioconductor
Seurat (v. 4.0.6)
CellTrails (v. 1.12.0)

Single-Cell Signature Explorer

limma (v. 3.50.0)

Velocyto (v. 0.17.17)
scVelo (v. 0.2.4)
g:Profiler

This paper

10x Genomics

R core

Python Software Foundation

Huber et al.”'
Hao et al.””

Ellwanger et al.”®
Aibar et al.”
Fornes et al.”

La Manno et al.””
Bergen et al.”

Raudvere et al.”®

https://doi.org/10.5281/zenodo.10520180
https://support.10xgenomics.com/single-cell-
gene-expression/software/pipelines/

latest/installation

https://www.r-project.org/
https://www.python.org;RRID:SCR_008394
http://www.bioconductor.org/; RRID: SCR_006442
https://satijalab.org/seurat/install.html; RRID:SCR_007322

https://bioconductor.riken.jp/packages/3.8/bioc/html/
CellTrails.html

https://sites.google.com/site/fredsoftwares/products/
single-cell-signature-explorer
https://bioconductor.org/packages/release/
bioc/html/limma.html

http://velocyto.org/
https://github.com/theislab/scvelo

https://biit.cs.ut.ee/gprofiler

Other

MoFlo Astrios Cell Sorter
Leica SP8 LIGHTNING confocal microscope
10x Chromium and Next GEM accessory kit

Beckman Coulter
Leica

10x Genomics

RRID:SCR_018893
RRID:SCR_018169
Cat# 1000202

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Joerg Waldhaus

(joergwal@med.umich.edu).
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Materials availability

This study did not generate new unique reagents.

Data and code availability
e Single-cell RNA-seq data have been deposited at GEO and are publicly available as of the date of publication. Accession numbers are
listed in the key resources table. Microscopy data reported in this paper will be shared by the lead contact upon request.
e All original code has been deposited at Zenodo and is publicly available as of the date of publication. DOls are listed in the key re-
sources table.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Embryonic stem cell line and maintenance

Embryonic stem cells (ESCs) from transgenic Atoh1/nGFP reporter mice” were obtained as a gift from Dr. Stefan Heller, Stanford University.”
The ESCs were maintained under serum-free, feeder-free conditions in a humidified incubator with 5% CO2 at 37°C. The cells were cultured in
2i-LIF media composed of a 1:1 mixture of Advanced DMEM/F12 and Neurobasal supplemented with 1X B27 without vitamin A, 0.5X N2, 1X
GlutaMAX, 1000 U/mL LIF, 3 pM CHIR99021, and 1 pM PD0325901. Cells were passaged every 2-4 days using TrypLE, returning to frozen
stocks after reaching a maximum of 25 passages.

METHOD DETAILS

Inner ear organoid production

The inner ear organoids were generated essentially as described previously.”> On day 0 (D0), the ESCs were dissociated into a single-cell
suspension using TrypLE (Thermo Fisher) and aggregated into spheroids by placing 3,000 cells per well round-bottomed 96-well Nunclon
Sphera Microplates containing GMEM, 1.5% KnockOut Serum Replacement, 15 mM HEPES, 1X nonessential amino acids, T mM sodium py-
ruvate, and 0.1 mM B-mercaptoethanol. On D1, the media was supplemented with a final concentration of 2% v/v Growth Factor Reduced
Matrigel (referred to throughout as Matrigel). On D3, 10 ng/mL BMP-4 and 1 pM RepSox were added to each well followed by the addition
of 1 uM LDN193189 and 100 ng/mL FGF-2 on D4. On D8, aggregates were transferred to a new 96-well microplate with maturation media
(MM) containing advanced DMEM/F12, 1x N2, 15 mM HEPES, and 1x Glutamax with 1% v/v Matrigel and 3 pM CHIR99021. Starting from
D10, half of the media was exchanged with fresh MM every day until the specimens were required for downstream applications.

Single cell isolation and flow sorting

Whole inner ear organoids from day 16 to 21 of the Atoh1-nGFP ESC line were processed for single cell preparation as previously described.”’
To enrich for inner ear HCLCs, we purified cells with FACS with a MoFlo Astrios instrument (Beckman Coulter, University of Michigan Flow
Cytometry Core). These samples were then used for standard 10x Genomics preparations for scRNA-seq experiments.

10x Genomics protocol

Single-cell processing and next-generation sequencing were performed at the Advanced Genomics Core at the University of Michigan.
Sequencing was performed with a 10x Chromium and Next GEM accessory kit (10x Genomics, 1000202) and Chromium Next GEM Chip
G Single Cell Kit (10x Genomics, 1000120) for scRNA-seq. The following kits were used for library preparation: Chromium Next GEM Single
Cell 3’ Kit v3.1 (10x Genomics, 1000268), Library Construction Kit (10x Genomics, 1000190), and Dual Index Kit TT Set A (10x Genomics,
1000215).

scRNA-seq analysis

The scRNA-seq datasets was analyzed using the Seurat v3 pipeline.”’ First, we selected cells with the number of features ranging from 600 to
8000, and the maximum allowed fraction of mitochondrial genes per cell was set to 10%. A total of 15001 cells passed the quality control for
further analysis. After the pre-processing step, log normalization was performed, and the top 3,500 highly variable genes were identified with
the vst method with default settings. To avoid the domination of highly expressed genes, we scaled the datasets and applied PCA to reduce
dimensionality. The first 15 principal components were chosen to construct the shared nearest neighbor graph with 25 nearest neighbors
(k.param=25). After the optimization of the shared nearest neighbor modularity, clusters of cells were identified using FindClusters function
with resolution 0.6. We leveraged UMAP to visualize the scRNA-seq clustering results and metadata information, such as sample ID. To deter-
mine cell identities for each cluster, we first identified DEGs for each cluster with the FindAllMarkers function in the Seurat package with the
following parameters: only.pos=TRUE, min.pct=0.25, logfc.threshold=0.25, test.use="wilcox". Adjusted Bonferroni-corrected P-values of
0.05 were used for multiple testing correction. We determined cell identities by comparing cluster specific DEGs with published canonical
marker genes.
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RNA velocity analysis

To calculate the RNA velocity of single cells, we used CellRanger output BAM file and executed the Velocyto run10x command. This gener-
ated a loom file containing the spliced and unspliced reads for each cell. Each dataset’s reads were separately quantified and subsequently
merged after quantification. The resulting merged loom file was read into python. We collected cluster annotations from the Seurat object
and retained only HCLCs and SCLCs. Next, we preprocessed the subset clusters using scVelo to perform filtering, normalization, and nearest
neighbor assignment. The unspliced and spliced reads were averaged within the neighborhood by scVelo's pp.moments method with 30
principal components among 50 neighbors. Velocities were obtained using scvelo.tl.velocity with default parameters, followed by projecting
the velocity inference onto UMAP using pl.velocity embedding grid.

Enrichment score analysis

We employed Single-Cell Signature Explorer to calculate enrichment scores. Single-Cell Signature Explorer computes enrichment scores of
pre-defined gene set across single cells and enables visualization of scores on a UMAP plot. We determined differentially expressed genes
between two groups samples and used them as gene set to calculate the signature score using normalized UMI counts of genes.

Auditory vs vestibular cell types

First, we identified DE genes between auditory and vestibular HCs from a microarray dataset™® using limma (v3.50.0) package. Probes not
detected in the data were filtered out. The filtering criteria required detection P value < 0.01 in at least two samples and this left 23051 probes.
Arrays were then normalized using quantile normalization. Linear modelling was performed with contrasts fit to identify differences between
auditory and vestibular HCs. An empirical Bayes moderation of the standard error was applied, and t-tests were used to assess significance
accompanied by Benjamini-Hochberg correction for multiple testing. DEGs were filtered by adjusted P value < 0.05. To find unique gene sets
expressed exclusively by auditory or vestibular HCs, we only kept DEGs that present in HCs but not in SCs. The same analysis was performed
with auditory and vestibular SCs. In the end, we detected 354 auditory HC specific genes, 307 vestibular HC specific genes, 397 auditory SC
specific genes and 449 vestibular SC specific genes which were used as gene sets in Single-Cell Signature Explorer.

Inner vs outer hair cells

Lists of genes enriched in either IHCs or OHCs of neonates and adults were obtained from previously published data.®” There are 806 IHC-
enriched genes of PO, 1045 IHC-enriched genes of adult, 659 OHC-enriched genes of PO and 175 OHC-enriched genes of adult, respectively.
Each list was used as input to calculate the signature score in each single cell and visualized in the UMAP. To enable comparisons between
groups, we normalized scores by dividing the size of each gene set.

Type | vs Il vestibular hair cells

An in vivo generated HC dataset’ was used to compute DEGs of extrastriolar Type I, Type Il and striolar HCs. We employed Seurat’s
FindAlIMarkers function to detect DEGs of each group with the following parameters: only.pos=TRUE, min.pct=0.25, logfc.threshold=0.25,
test.use="wilcox". P value was adjusted for multiple testing with Bonferroni correction. Genes with adjusted p-values < 0.05 were kept in gene
set. The Number of genes of extrastriolar Type I, Il HCs and striolar HCs are 1207, 1233 and 548, respectively. Enrichment scores were visu-
alized in both UMAP and trajectory graph.

Joint analysis

To conduct joint analysis of in vitro generated HCLCs, neonatal utricle’ and P2 organ of Corti,® we followed Seurat v3 standard data integra-
tion pipeline. This approach applies canonical correlation analysis (CCA) to identify anchor cells between pairs of datasets. Briefly, 3500 highly
variable genes were used for finding alignment anchors and top 25 dimensions from CCA were used for defining neighbor search space, with
the function FindIntegrationAnchors. These anchors, determined and scored for all sample pairs, were then used to integrate data across
datasets using IntegrateData function. The Integrated data was scaled and reduced using PCA. We used UMAP for data visualization.

Vestibular HC trajectory reconstruction

We applied CellTrails to reconstruct HC developmental trajectory using normalized scRNA-seq data. CellTrails employs a non-linear dimen-
sionality reduction and hierarchical clustering method for identification of latent spaces to determine cell states and to infer pseudotime
expression dynamics. To find a low-dimensional representation, we applied spectral embedding function embedSample with default param-
eters, resulting in 12 latent variables for further analysis. Then, hierarchical clustering with a post-hoc test was performed using the function
findStates with following parameters: min_size=0.02, min_feat=5, max_pval=1e-4, min_fc=1.8. This identified 8 distinct cell states. Finally, we
aligned individual cells onto the trajectory using fitTrajectory function.

Similarity matrix

To compare in vivo and in vitro HC trajectories, we calculated pairwise cell similarity scores between the in vitro and in vivo generated HCs.
Specifically, we first generated metacells to denoise the dataset by aggregating the six nearest neighbor cells for both in vitro and in vivo data.
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By using the GEGs, we calculated the Euclidean distance for each pair of metacells between in vitro and in vivo. Next, several
methods were used to convert the distance matrices into similarity matrices. For the Euclidean distance matrix, the traditional inverse method
(1/(1+distance)) or radial basis function (exp-(- [distancel 72/(25/2))) was used to generate the similarity matrix. 5, bandwidth, was a hyper-
parameter. In our analysis, we defined 6/2=4. For cosine distance matrix, similarity scores were calculated as 1-distance. Finally, the similarity
matrix was visualized with a heatmap. Metacells of both groups were ordered along developmental states derived by CellTrails.

Cryosection and immunostaining

Aggregates progressing through the organoid differentiation protocol were collected at time points indicated and fixed in 4% paraformal-
dehyde (PFA) for 30-60 minutes at room temperature. The specimens were cryopreserved in increasing concentrations of sucrose (10%, 20%,
and 30%) for 30 minutes each and stored overnight in a 1:1 mixture of 30% sucrose and Tissue-Tek O.C.T. (Thermo Fisher). Up to 25 aggre-
gates per culture were transferred to cryomolds with O.C.T. and frozen on dry ice. Serial sections, 10 um in thickness, were collected on
SuperFrost-Plus slides (Thermo Fisher) and stored at -80°C until use. In some cases, single-cell suspensions of organoid cells were also pre-
pared for immunostaining. Organoids were digested as above and added to SuperFrost-Plus slides containing phosphate buffered saline
(PBS), either before or after flow cytometry. Cells were allowed to settle and adhere to the slide for 15 minutes before being fixed in 4%
PFA for 30 minutes at room temperature.

Slides of cryosections or isolated cells were blocked in PBS with 10% normal donkey serum and 0.1% Triton X-100 and then incubated
overnight at 4°C in primary antibodies diluted in PBS with 5% normal donkey serum and 0.05% Triton X-100. Primary antibodies included rab-
bit anti-Six1 (Sigma, 1:1000), rabbit anti-Pax2 (Invitrogen, 1:100), rabbit anti-MYO7A (Proteus, 1:200), mouse anti-SOX2 (Santa Cruz, 1:100), and
rabbit anti-GFP (Millipore, 1:500). The samples were counterstained with AlexaFluor secondary antibodies, Alexa-conjugated phalloidin to
label actin-rich hair bundles, and/or Hoechst 33242 to label the nuclei. The specimens were mounted in ProLong Gold Antifade solution
and imaged under epifluorescence with an Olympus BX51 microscope and ORCA R2 CCD camera or using confocal microscopy with a Leica
TCS SP5 system. Images were post-processed in MetaMorph (Molecular Devices) or ImageJ.”®

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using R on RStudio. A two-sided P value was considered statistically significant if *P <0.05, **P <0.01, and
***p <0.001.
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