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Spatially distinct otic mesenchyme cells show
molecular and functional heterogeneity
patterns before hearing onset

Kevin P. Rose,1 Gabriella Manilla,1 Beatrice Milon,1 Ori Zalzman,2 Yang Song,2 Thomas M. Coate,3

and Ronna Hertzano1,2,4,5,*

SUMMARY

The cochlea consists of diverse cellular populations working in harmony to convert mechanical stimuli into
electrical signals for the perception of sound. Otic mesenchyme cells (OMCs), often considered a homo-
geneous cell type, are essential for normal cochlear development and hearing. Despite being the most
numerous cell type in the developing cochlea, OMCs are poorly understood. OMCs are known to differ-
entiate into spatially and functionally distinct cell types, including fibrocytes of the lateral wall and spiral
limbus, modiolar osteoblasts, and specialized tympanic border cells of the basilar membrane. Here, we
show that OMCs are transcriptionally and functionally heterogeneous and can be divided into four distinct
populations that spatially correspond to OMC-derived cochlear structures. We also show that this hetero-
geneity and complexity of OMCs commences during early phases of cochlear development. Finally, we
describe the cell-cell communication network of the developing cochlea, inferring a major role for OMC
in outgoing signaling.

INTRODUCTION

Currently, over 5% of the worldwide population suffers from hearing loss with this number expected to increase to 10% by 2050 (World Health

Organization, 2021). Unfortunately, to date, no therapeutics are available to treat the underlying molecular mechanisms of hearing loss, leav-

ing amplification (e.g., hearing aids) and cochlear implantation as the only forms of treatment. The development of novel therapeutics that

address the underlying causes of sensorineural hearing loss (SNHL) requires a detailed understanding of the diverse cochlear cell types and

their role in the development and maintenance of auditory function. The transcriptional heterogeneity of the developing cochlear sensory

epithelium, auditory neurons, stria vascularis, and developing hair cells has now been described.1–10 However, the developmental profiles

of otic mesenchyme cells (OMCs), the most abundant cell type in the developing inner ear, remain only partially resolved.

OMCs are a specialized type of neural crest and cranial paraxial mesoderm.11 OMCs express the transcription factors Tbx1, Tbx18, and

Pou3f4, all of which are also known deafness genes, highlighting their importance in auditory function.12–14 OMCs have been shown to be

necessary for the development of essential cochlear processes such as spiral ganglion neuron (SGN) axonal guidance and survival, endoco-

chlear potential generation, modiolar ossification, extracellular matrix organization, and overall cochlear structure.14–19 In addition, OMCs

terminally differentiate into a variety of crucial cochlear cell types, including specialized tympanic border cells, fibrocytes of the lateral wall

and spiral limbus, basal cells of the stria vascularis, and modiolar osteoblasts. Nonetheless, although OMCs have diverse roles in cochlear

development well before terminal differentiation, their molecular distinctness and functionality remain largely unresolved.

In this study, we utilize single-cell RNA-sequencing (scRNA-seq) at embryonic day (E) 15 and postnatal day (P) 7, followed by in situmarker

gene validation to reveal four subpopulations of OMCs that are transcriptionally, functionally, and spatially distinct with divergent gene reg-

ulatory networks. While the four OMC subpopulations are spatially distinct as early as E15, their spatial distribution is further refined by P7.

Ultimately, each OMC subpopulation corresponds to one of the four major cochlear structures that arise from OMCs: the basilar membrane,

spiral limbus, modiolus, and lateral wall. Finally, as OMCs are known to influence surrounding cell types, we constructed the cell-cell commu-

nication network at both E15 and P7 to elucidate possible signaling pathways impacting developmental processes within the cochlea. In

conclusion, these data suggest that OMCs diversification occurs early during development, resulting in heterogeneous subpopulations

that are predicted to be responsible for the majority of outgoing cochlear signaling.
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RESULTS

OMCs are transcriptionally and spatially heterogeneous at P7

OMC-derived structures include the basilar membrane, found between the organ of Corti and tympanic border cells, the spiral limbus

anchoring Reisner’s membrane and the tectorial membrane, the modiolar bone that surrounds the SGNs, and the lateral wall adjacent to

the stria vascularis (Figures 1A–1D). To fully determine the transcriptional heterogeneity of OMCs in early postnatal cochlear development,

we obtained cochlear ducts, including all OMC-derived structures, fromP7malemice andmeasured gene expression using scRNA-seq. After

filtering out low complexity droplets, the dataset contained 7,703 cochlear cells (Figure S1A). Graph-based unbiased clustering using Seurat

identified 15 groups of cells with unique patterns of expression (Figures 1E and 1F). Cellular identities were established by examination of the

top 25 genes defining each cluster as well as established marker genes from the literature (Figures 1F and S1B; Table S1).

To identify OMCs, we used known markers including: Pou3f4, Tbx18, Tbx1, and Pou3f3 (Figure S1C).12–14,20 A total of 4,742 OMCs were

identified and divided into four clusters, each with a unique transcriptional profile. To further identify OMC subpopulations, we applied a dif-

ferential gene expression analysis using a non-parametric Wilcoxon rank-sum test. OMC clusters were numbered I–IV arbitrarily where type I

OMCs were the most distinct in terms of cell cluster separation. Marker genes for each cluster were selected based on multiple criteria

including: (1) log fold change between the OMC subpopulation and the rest of cochlear cell types, (2) adjusted p value, and (3) specificity

of RNA expression. From the top 9 marker genes, Emilin2, Tgfbi, Runx2, and Car3 were selected based on known biological function and

antibody availability to determine the spatial distribution of each OMC subpopulation via immunohistochemistry (Figures 1G–1J and

S2C). EMILIN2 (elastin microfiber interfacer 2) is an extracellular matrix protein found in the basilar membrane and shown to be expressed

by OMC-derived tympanic border cells.21,22 Indeed, expression of EMILIN2 marked type I OMCs, which localize to the basilar membrane

(Figure 1K). TGFBI (transforming growth factor b induced) is a secreted protein known to play a role in cell migration and adhesion.23

TGFBI marked type II OMCs, which localize to the spiral limbus, with some expression in the basilar membrane (Figure 1L). Type III OMCs

were marked by RUNX2 (runt-related transcription factor 2), an essential regulator of osteoblast differentiation and a known deafness

gene.24–26 RUNX2 expression was confined to the modiolar bone OMCs which include OMCs that surround Rosenthal’s canal (location of

SGN cell bodies, Figure 1M). Finally, CAR3 (carbonic anhydrase 3), a zinc-containing metalloenzyme important for pH and CO2 homeostasis,

especially in vasculature, localized to the lateral wall/spiral ligament and marked type IV OMCs (Figure 1N).27 Overall, our data show that

OMCs consist of four transcriptionally distinct groups of cells at P7, which each mark spatially distinct OMC-derived cochlear structures.

Analysis of embryonic OMCs demonstrates early diversification of OMC subpopulations

The developmental time course of OMC differentiation has not been well defined. To describe the temporal specification of OMC subpop-

ulation throughout development we used the P7 OMC marker genes identified and extended our analysis to E15 until the onset of hearing

(P14; Figures 2A–2L and S2). At E15 RUNX2 is not expressed, consistent with the non-osseous state of the modiolus at this stage in develop-

ment (Figure 2C). EMILIN2, TGFBI, and CAR3 are expressed at E15 in different locations surrounding the developing cochlear epithelium,

including below the organ of Corti (EMILIN2, type I OMCs, Figure 2A), medial to Kölliker’s organ or the greater epithelial ridge (TGFBI,

type II OMCs, Figure 2B), and directly above the developing stria vascularis (CAR3, type IV OMCs; Figure 2D). OMC marker genes at P2

show similar expression patterns as P7, although TGFBI expression extends to the modiolar bone OMCs and RUNX2 expression does not

extend to the OMCs that surround Rosenthal’s canal (Figures 2E–2H). After the onset of hearing (P14), both EMILIN2 and CAR3 continue

to be expressed by type I and type IV OMCs, respectively (Figures 2I and 2L). In contrast, RUNX2 can no longer be detected in the modiolar

bone, possibly correlating with the conclusion of ossification, and TGFBI is no longer detected in the spiral limbus but becomes sequestered

to Rosenthal’s canal (Figures 2J and 2K). To determine if the division of OMC subpopulations is specific to the C57BL/6J mouse strain, we

repeated our immunohistochemical analysis using the outbred mouse strain CD-1/ICR (Figure S3). This analysis showed similar results,

although the loss of expression of TGFBI from the spiral limbus was noted as early as P7, consistent with a possible earlier maturation of

CD-1/ICR mice in comparison to C57BL/6J (Figure S3F).28

AsOMCmarker genes identified at P7 displayed an overlap in expression patterns at E15, we generated an E15OMCenriched scRNA-seq

dataset containing 4,521 high-quality OMCs to better characterize the OMC subpopulations in early cochlear development (Figures 2M and

S4A; Table S2). Unbiased clustering of E15 OMCs revealed 6 subpopulations, each with unique transcriptional profiles, representing the

Figure 1. OMCs are transcriptionally and spatially heterogeneous at P7

(A–D) Immunohistochemistry of P0 mouse cochleae cross sections stained with TUJ1 (neurons and their projections), CD326 (epithelium), MYO6 (hair cells), or

KCNQ1 (marginal cells of SV) in yellow, OMC marker POU3F4 in magenta and DAPI in cyan. Scale bar: 50mm.

(E) Identification of P7 cochlear cell types, including 4OMC subpopulations labeled type I–IV, visualized in UMAP space. Neurons are contaminated with glial cells

and marked with (C). One unknown cluster (colored by auburn) not labeled.

(F) Heatmap of the top 25 genes of each cell cluster labeled by respective color. Cell types expressing universal OMmarkers labeled with cell identification above

heatmap. Gene expression represented by gray-cyan-magenta color scale. Full differential expression shown in Table S1.

(G–J) Table of the top 9 differentially expressed genes for eachOMC subpopulation, including the log2 fold change betweenOMC subpopulation and rest of cell

types, percent expression in theOMC subpopulation and all other cell populations, and adjusted p value. Marker gene chosen for spatial localization highlighted

in OMC subpopulation color and visualized on UMAP. Arrows indicate OMC subpopulation corresponding to selected marker gene.

(K–N) Immunohistochemistry of P7 mouse cochlea cross sections stained with identified OMC-specific markers EMILIN2 (type I), TGFBI (type II), RUNX2 (type III),

and CAR3 (type IV). Arrows indicate areas of expression corresponding to OMC subtype-specific expression. Dotted arrow represents overlap of expression in

basilar membrane. Scale bar: 50mm.
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4 OMC subpopulations found at P7 and two additional subpopulations. One additional subpopulation at E15 are the progenitor OMCs,

which express Top2a, a DNA topoisomerase essential transcription, and numerous histone genes, further suggesting proliferation as histone

gene expression mark entry into the S-phase of the cell cycle.29 The other subpopulation, type IE OMCs, resembles a subpopulation of P7

type I OMCs (Figures 2N and S7A; Table S3). To further compare the OMCs at E15 and P7, the two datasets were integrated showing close

alignment of clusters (Figure S4B). A reciprocal marker analysis was used to compare the datasets. P7 marker genes are expressed in their

respective subpopulations at E15, with some overlap, except for TGFBI, which is broadly expressed in E15 OMCs (Figure S4C). Differential

gene expression analysis identified marker genes for each OMC subpopulation at E15, including Ccn3 (also known as Nov) for type I,Dcn for

type II, Dkk2 for type III, Car3 for type IV, Top2a for progenitors, and Kcnk2 for type IE (Figures 2O and S4C). Ccn3, Dcn, Car3, and Kcnk2 are

expressed in the respective OMC subpopulations at P7, while Dkk2 and Top2a show little to no expression at P7 (Figure S4D). in situ hybrid-

ization analyses performed on E13 and E15 C57/B6J mice from the Allen Brain Atlas were used for spatial localization validation.30 Indeed,

marker genes identified for E15 OMCs revealed spatially distinguishable OMC subpopulations with type I found below the developing organ

of Corti (Ccn3 expression), type II medial to Kölliker’s organ (Dcn expression), type III oriented in the developingmodiolus (Dkk2 expression),

and type IV found above the developing stria vascularis (Car3 expression; Figure 2P). Furthermore, these OMC-subpopulation specific

markers show some expression at E13, although with low expression (Figure 2P). Dcn and Dkk2 are also expressed in Kölliker’s organ and

roof cells, respectively, confirmed by an E16 cochlear epithelium dataset as visualized by the gene expression analysis resource (UMgEAR.

org; Figures 2P and S4E–S4F).1,31 Finally, to determine if OMCs are spatially distinct at E13, we analyzed a previously published dataset

focused on the E13 otic/periotic region.32 Our analysis revealed a clear OMC progenitor population expressing Top2a, however, the other

OMC subpopulations could not be deciphered using the previously identified E15 marker genes (Figures S5A and S5B; Ccn3 was not ex-

pressed in the E13 dataset, therefore Emilin2was used for Type I OMCs). Nevertheless, when we conducted a developmental trajectory anal-

ysis spanning from E13/E15 to P7, we observed an early divergence of type I OMCs from type II-IV OMCs (Figures S5C–S5F). This suggests an

early bifurcation of the tympanic border cells (type I OMCs) from other cell types derived from OMCs. In summary, the spatial distribution of

OMC subpopulations is distinct as early as E15 and consistent with OMC-derived cochlear structures in postnatal stages (Figure 2Q).

OMC subpopulations display distinct functional roles that correspond to their spatial localization

To better understand the functional roles of the OMC subpopulations, OMCs were extracted from the P7 dataset, unbiasedly clustered, and

reidentified by their identified marker genes (Figures 3A and 3B). To identify genes more highly expressed in each OMC subpopulation, a

differential analysis was performed using a non-parametric Wilcoxon rank-sum test (Table S4). A heatmap of the top 25 differentially ex-

pressed genes showcases the transcriptional distinctness of OMC subpopulations (Figure 3C). Performing the same differential analysis

for E15 OMCs also showed unique gene expression profiles further indicating early OMC diversification (Figures S6A–S6B). Comparing

the expression profiles of OMC subpopulations to the other three subpopulations (rest) identified upregulated genes in each subpopulation

including 84 type I OMC genes, 88 type II OMC genes, 70 type III OMC genes, and 80 type IV OMC genes (log2 fold change cutoff = 0.6;

Figure 3D). Interestingly, increasing the cluster resolution reveals type I, III, and IV OMC subpopulations can be further divided with unique

marker genes indicating further diversification (Figure S7; Table S5).

To ascertain potential upstream regulators of eachOMC subpopulation, we used RcisTarget to identify transcription factor bindingmotifs

enriched in each list of genes differentially expressed in the OMC subpopulations.33 RcisTarget was used at P7 to identify genes directing

distinct functional processes in each OMC subpopulation. This analysis identified 109, 49, 23, and 53 significant transcription factors for

type I–IV OMC subpopulations, respectively (Table S6). Three candidate transcription factors were chosen for each mesenchyme subpopu-

lation based on normalized enrichment score, uniqueness of motif to OMC subpopulation, and overall expression in theOMC subpopulation

(Figures 3E–3H). Type III OMCs (modiolar/bone progenitors) were used to assess the accuracy of our upstream regulator analysis as transcrip-

tion factors of bone development have been well characterized. Indeed, Runx2, Sp7, and Dlx6 have all been implicated in osteoblast differ-

entiation (Figure 3G).34–36 We also identified type IV OMCs express the upstream regulators Sox8 and Sox9, both of which have been impli-

cated in chondrogenesis.37,38 To identify transcription factors that may be critical for early diversification of OMCs, we completed the same

Figure 2. Analysis of embryonic OMCs demonstrates early diversification of OMC subpopulations

(A–L) Immunohistochemistry of E15, P2, and P14 cochlea cross sections stained with OMC subtype-specific markers EMILIN2 (type I), TGFBI (type II), RUNX2

(type III), or CAR3 (type IV) in yellow, POU3F4 in magenta and DAPI in cyan. Arrows indicate areas of expression corresponding to OMC subtype-specific

expression. Dotted arrows indicate overlap of expression. Scale bar: 50mm.

(M) Identification of E15 cochlear cell types, visualized in UMAP space. OMC subpopulations are not distinguishable at this resolution. Unknown clusters not

labeled. Full differential expression shown in Table S2.

(N) Subcluster analysis of E15 OMCs, visualized in UMAP space, which includes the 4 OMC subpopulations found at P7 and two additional subpopulations:

progenitors and type IE.

(O) Visualization of identified marker gene expression for the 4 main OMC subpopulations. OMC subpopulation cluster boundaries marked with colored dotted

lines. Gene expression represented by gray-cyan-magenta color scale. Full differential expression shown in Table S3.

(P) E13 and E15 in situ hybridization images from the Allen Brain Atlas for the OM marker genes including Ccn3 (type I), Dcn (type II), Dkk2 (type III), and Car3

(type IV). Scale bar: 99mm.

(Q) Schematic of developmental time course of OM spatial localization between E15 and P7.

RM: Reissner’s Membrane, SV: Stria Vascularis, OS: Outer Sulcus, OC: Organ of Corti, PS: Prosensory Domain, IS: Inner Sulcus, KO: Kölliker’s organs, SGN: Spiral

Ganglion Neurons, BM: Basilar Membrane, SL: Spiral Limbus, M: Modiolus, LW: Lateral Wall.
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analysis at E15 (Figures S6C–S6F; Table S6). Again, we looked at type III OMCs to validate our analyses and indeed we identified Zfp281 and

Atf1, both of which have been shown to negatively regulate osteoclast differentiation (Figure S6E).39,40 Finally, we also identified Stat3 as a

regulator of the type I OMCs, established to be necessary for hair cell differentiation.41

To assess the functional roles of each OMC subpopulation, gene ontology (GO) enrichment analysis was performed on the highly ex-

pressed genes identified each subpopulation (Figures 4A–4D; Table S7). Type I (basilar membrane) GO-terms signify roles in tissue, epithe-

lium, and structural development suggesting a role of basilar membraneOMCs in the development of the sensory epithelium of the organ of

Corti (Figure 4A). Interactions betweenOMCs and sensory epithelial have been shown to promote the development of cochlear hair cells.42,43

Interestingly, type I OMCs also express genes that play a role in nervous system development and neurogenesis. Consistently, OMCs have

been shown to promote SGN survival and fasciculation.15,16 Indeed, SGN projections are established by P0, however, are not fully refined as

synapse formation and SGN subtype refinement continue until adulthood.44 Type II (spiral limbus) GO-terms also indicate a role in structure,

tissue, and sensory organ development (Figure 4B). The spiral limbus is an important structural component of the cochlea which helps form

the interdental cells located on the top of the limbus, anchors the tectorial membrane that connects to the organ of Corti and is essential for

sound-induced vibration of the basilar membrane.45 In addition, type II OMCs show functional roles of cell adhesion and cell migration, both

thought to play key roles in auditory system development.46 Type III (modiolar bone) OMCs show GO-terms involved with bone ossification

and development, which is ongoing at P7 (Figure 4C). Interestingly, patients with POU3F4 mutations exhibit hypoplasia of the modiolar bone

which causes difficulties positioning a cochlear implant electrode, making it ineffective in some of these patients.47,48 Finally, type IV (lateral

wall/spiral ligament) GO-terms include cartilage development, as well as functions related to angiogenesis, supporting the hypothesis that

lateral wall fibrocytes play a role in the development of the blood-labyrinth barrier (Figure 4D).49,50

To further elucidate themolecular signatures of eachOMC subpopulation, we evaluated the differential expression of genes belonging to

5 different categories related to development and known OMC functions including: (1) transcription factors, (2) receptors, (3) signaling mol-

ecules, (4) extracellular matrix proteins (structural), and (5) potassium channels (Figure 4E). Strikingly, each OMC subpopulation displays

enrichment of distinct sets of transcription factors, indicating diverse gene regulatory networks. OMC subpopulations also express unique

signaling molecules and receptors, hinting at distinct signaling pathways. Finally, OMCs are known to play a role in the development and

maintenance of the extracellularmatrix and potassium recycling.51,52 Interestingly, eachOMC subpopulation expresses different extracellular

matrix genes essential for multicellular structures indicating spatially unique extracellular environments. Finally, type I and type IV OMCs ex-

press several unique potassium channels, supporting the hypothesis that the basilar membrane and lateral wall OMCs are recycling potas-

sium ions and helping to maintain the endocochlear potential.53 Future subpopulation-specific analyses of OMCs will allow for better under-

standing of the diverse functional roles during cochlear development.

Cellular communication analysis reveal OMCs are themain contributors of outgoing signaling during cochlear development

We have shown that each P7 OMC subpopulation surrounds spatially distinct cochlear structures and expresses distinct signaling molecules

and receptors. We, therefore, hypothesized that OMCs engage in robust signaling with surrounding cell types to facilitate region-specific

cochlear development. To test this hypothesis, we applied CellChat, which uses a manually curated ligand-receptor interaction database,

based on known protein structures and biological function, and our scRNA-seq gene expression data to reconstruct the cell-cell communi-

cations between cochlear cell types.54 CellChat was chosen for this analysis as it has been shown to have better performance than other cell-

cell communication tools, due to integration of regulatory information, such as multimeric ligand receptor complexes.55 As our datasets were

enriched for non-epithelial cells with only partial representation of epithelial cell types, we merged our datasets with data from epithelial en-

riched datasets generated at similar time points (Figures 5A and 6A).1

After merging the OMC-enriched and the epithelial-enriched P7 datasets, 24 clusters were identified and classified using previously

described marker genes (Figure 5B).1 To understand how multiple groups of cells and their corresponding signaling pathways coordinate

function, we utilized the pattern recognition method (non-negative matrix factorization) in CellChat. This allowed us to infer a set of commu-

nication patterns that groups cell types both via outgoing signaling (cell type is the sender of signal) or incoming signaling (cell type is the

receiver of signal). CellChat inferred 6 groups of outgoing communication patterns from 56 significant signaling pathways (Figure 5C). Each

signaling pattern encompassed distinct cellular populations including all OMCs and stria vascularis basal cells (pattern 1), ectoderm-derived

epithelial cells (pattern 2), vascular/immune cells (pattern 3), neuronal and Hensen’s cells (pattern 4), inner hair cells (IHCs), satellite and mar-

ginal cells (pattern 5), and pericytes (pattern 6). The IHC pattern was interrogated to verify the accuracy of the predicted communication net-

works. Indeed, many of the signaling pathways identified by the IHC pattern have been reported to be necessary for normal IHC function

Figure 3. Identification of differentially expressed genes between P7 OMC subpopulations

(A) Type I-IV OMC subpopulations at P7, visualized in UMAP space. Spatial localization of OMC subpopulation also indicated.

(B) Marker gene expression for each OMC subpopulation visualized on P7 OMC subpopulation UMAP. Gene expression represented by gray-cyan-magenta

color scale.

(C) Heatmap of the top 50 differentially expressed genes for each OMC subpopulation. Gene expression represented by gray-cyan-magenta color scale. Full

differential expression shown in Table S4.

(D) Volcano plots representing log10 p value and log2 fold change of differentially expressed genes. Genes that display log2 fold change of 0.6 or higher are

colored.

(E–H) Representative gene regulatory networks of the top 3 potential upstream regulators (transcription factors) for each OMC subpopulation, identified by

RcisTarget.
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including neuronal cell adhesion (NCAM), fibroblast growth factor (FGF), Tenascin (TENASCIN), and Claudins (CLDN).56–59 A heatmap of the

significant outgoing pathways for the OMC pattern shows the relative contribution each cell type and signaling pathway has on the overall

outgoing pattern (Figure 5E). Both global and subpopulation-specific signaling pathways were identified for OMCs. As a global signaling

pathway, OMCs and basal cells are the main senders of PTN signaling, a neurotropic factor essential for normal auditory function.60 In

contrast, fibronectin (FN1) signaling originates predominately by type I/basilar membrane OMCs; bone sialoprotein (BSP) is exclusively

through type III/modiolarOMCs and chemokine (C-X-Cmotif) ligand (CXCL) is mainly by type II/spiral limbusOMCs (Figure S8A). Fibronectin,

a large extracellular matrix protein, has been shown to be localized to the basilar membrane in both mice and humans and is thought to be

essential to the mass and stiffness of the basilar membrane.61,62 BSP, also an extracellular matrix protein, is abundant in bone and has been

shown to regulate osteoblast differentiation.63 Finally, CXCL12/CXCR4 signaling pathway is important for neurite extension and SGN

survival.64

The P7 incoming signaling network shows similar patterns to the outgoing signaling network, including an OMC and stria vascularis basal

cell pattern (Figure 5D). A heatmap of the significant incoming pathways of the OMC pattern includes migration inhibitory factory (MIF), FGF,

and sonic hedgehog (SHH) signaling (Figure 5F). Both type I and IVOMCs receive signaling fromMIF, suggesting spatially distinct roles ofMIF

signaling in postnatal cochlear development (Figure S8B). Indeed,MIF has been shown to be essential in the developing andmature cochlea,

promoting neurite survival and outgrowth of SGNs while simultaneously preventing the apoptosis of the intermediate cells in the stria vas-

cularis.65,66 The FGF signaling pathway plays diverse developmental roles in the cochlea, including signaling across the epithelial-mesen-

chymal boundaries.57 FGF signaling from the IHCs has been shown to regulate pillar cell development; however, FGF signaling to OMCs

has yet to be explored beyond embryonic time points (Figure S8B).67 In addition, SHH signaling is a major incoming signaling to type II

and III OMCs, with the majority coming from neuronal cell types (Figure S8B). Lack of SHH signaling from the auditory ganglion has been

shown to cause cochlear duct shortening, and abnormalities in hair cell differentiation.68 Interestingly, OMC-specific transcription factors

POU3F4 and TBX1 have been shown to be directly impacted by loss of SHH signaling, with Pou3f4-deficient mice exhibiting a shortened

cochlear phenotype.14,69 Finally, to ascertain the overall contribution of each cell type to cochlear signaling, we visualized both the incoming

and outgoing interaction strengths on a scatterplot (Figure 5G). This analysis, based on communication probability, indicates that OMCs

contribute the most outgoing signaling during early postnatal cochlear development.

To identify if OMC subpopulations are secreting spatially distinct outgoing signalingmolecules during embryonic development, we exam-

ined the cellular communication network of the E15/E16 cochlea. Twenty five clusters were identified in the merged embryonic dataset and

classified usingmarker genes found here andpreviously described (Figure 6B).1 CellChat identified 64 significant outgoing pathways between

five patterns. Much like the P7 pattern analysis, each pattern encompasses distinct cellular populations including an OMC pattern (pattern 2;

Figure 6C). Interestingly, type III/modiolar OMCs are the main contributors of multiple signaling pathways including but not limited to

EphrinB-Eph (EPHB), Semaphorin-5A (SEMA5), and CXCL (Figure 6E). These signaling pathways are mainly received by the surrounded

SGNs (Figure S9A). Ephrin-B2/EphA4 interactions between SGNs and OMCs have been shown to promote SGN axon fasciculation.16 How-

ever, many other ephrin ligands and receptors are expressed by either OMCs or SGNs, indicating further ephrin-mediated signaling (Fig-

ure S9C). Additionally, Sema5B (expressed by immature hair cells) has been shown to interact with PlexinA1 (expressed by SGNs) to limit

SGN terminal branching, however, the function of Sema5A, expressed by OMCs, is still unknown (Figure S9A).70 Furthermore, as stated

earlier, CXCL12/CXCR4 signaling pathway is important for neurite extension (Figure S9A).64

In addition to the outgoing signaling cascades, we also examined the incoming signaling patterns of the embryonic cochlea elucidating 8

patterns with 49 significant pathways (Figure 6D). Again, much like the outgoing signaling patterns, patterns encompassed similar cell pop-

ulations including an OMC pattern (pattern 1). OMC incoming signaling pathways include but are not limited to transforming growth factor b

(TGFb), neurexin (NRXN), and platelet-derived growth factor (PDGF) signaling (Figure 6F). OMCs are the main receivers of TGFb signaling

pathway which is essential for otic capsule formation, cochlear tonotopic organization, and spiral ganglion formation.71–73 Also, OMCs

and glia are receivers of NRXN signals from neurons, which have been shown to play a role in synaptic transmission.74 Finally, OMCs are

the receivers of PDGF signaling, which may play a role in the proliferation of embryonic cochlear hair cells (Figure S9B).75 Finally, much

like the P7 OMCs, E15 OMCs contribute the most to outgoing signaling in late embryonic cochlear development (Figure 6G). These data

suggest that OMCs are the largest influencer of cochlear cell type development at both E15 and P7.

Utilizing gEAR, a cloud-based data resource, for the sharing, visualization, and analysis of OMC-centric data

To allow biologists with a diverse range of informatic expertise meaningful access to these data, we created an OMC-focused page on the

gene Expression Analysis Resource portal (UMgEAR.org/mesenchyme; Figure 7).31 This innovative OMC profile allows users full access to

explore all datasets presented in this publication (Figure 7A). Additional user-friendly informatic tools allow for further investigation of these

Figure 4. OMC subpopulations display distinct functional roles that correspond to their spatial localization

(A–D) Biological gene ontology (GO) term analysis of each spatially distinct OM population visualized by -log10 p value. Expression of genes found in relevant

GO-terms displayed by log2 fold change. Spatial localization of OMC subpopulations visualized by cochlear schematic.

(E) Dot plots of 5 protein categories: (1) transcription factors, (2) receptors, (3) signaling ligands, (4) extracellular matrix proteins (ECM-structural), and (5)

potassium channels. Gene expression is represented by gray-cyan-magenta color scale. Percentage of cells within OM subpopulation expressing each gene

is represented by dot size (25–100%).
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data, including newly generated graphics to spatially display expression levels in color gradients, comparative gene expression tools, and a

fully functional scRNA-seq workbench (Figures 7B–7D).

DISCUSSION

Understanding how cochlear cell types influence cochlear development provides insights into themolecular mechanisms required for normal

auditory function. Here, we provide a comprehensive characterization of the gene expression profiles of OMCs, identifying molecularly and

functionally distinct OMC subtypes and elucidatingOMC signaling cascades that may be critical for cochlear development. Interestingly, our

data suggest OMCs are distinct during embryonic development, indicating either early diversification from a common progenitor or dispa-

rate embryonic origins. Early diversification is likely, as all OMCs express several transcription factors (e.g., Pou3f4, Tbx18) but further research

is necessary to uncover transcriptional cascades necessary for this diversification. Interestingly, type I basilar membrane, type III modiolar, and

type IV lateral wall OMCs show further diversification at P7 (Figure S7). In the case of type I OMCs, this diversification could reflect tonotopic

differences accounting for the basilar membrane stiffness gradient, the main basis for cochlear frequency tuning.76 Indeed, both Nov (extra-

cellular matrix protein) and Tnc (glycoprotein) mark type I OMC subpopulations, have been localized to the basilar membrane and have been

shown to exhibit increasing base-to-apex tonotopic expression.73 In contrast, both type III and type IV OMC further diversification seems to

reflect refined spatial populations. Previous studies spatially localized Car8 and Panx3, marking cluster 3B and 3C, respectively, to different

parts of the modiolar bone.77,78 Type IV OMC subpopulations most likely echo the 5 distinct fibrocyte populations found in the mature lateral

wall, however, mature fibrocyte marker genes are unable to fully confirm this hypothesis (Figure S7).51

Basal cells of the stria vascularis and cochlear pericytes both express OMC-specific transcription factors while not representing OMCs and

were therefore excluded from our OMC analyses. Specifically, OMC-derived basal cells at P7 still express low levels of Pou3f4, Tbx18, and

Tbx1 and cluster closely withOMCs.79 Pericytes, contractile cells on capillaries, are both Pou3f4 and Tbx18 positive, confirmedwith a separate

P7 cochlear dataset (Figure S1D).80 Pericytes derive from the same embryonic germ layers as OMCs, therefore possibly originate from the

same progenitor cells and are known to be heterogeneous from organ to organ.81–84 The blood labyrinthine barrier in the stria vascularis,

which is essential for maintaining the endocochlear potential, often referred to as the ‘‘cochlear battery’’ or driving force for hearing function,

is established in part by cochlear pericytes.85,86 Interestingly, both Pou3f4 and Tbx18-deficient mice exhibit a complete disruption in endoco-

chlear potential thought to be caused by disruption of outgoing signaling from the surrounding fibrocytes. However, this disruption in endo-

cochlear potential could also be caused by defects in OMC-like pericytes and their signaling to and from the surrounding vascular.13,87

Indeed, we identified several signaling pathways between OMC-like pericytes and vascular cells including angiopoietin/Tie signaling known

to be critical for vascular stability and Notch signaling shown to be necessary for pericyte survival (Figures S8C and S8D).88,89 Determining the

mechanismbywhich Pou3f4 contributes to generating andmaintaining the endocochlear potential will require conditional deletion of Pou3f4

in type IV lateral wall OMCs as well as OMC-like pericytes.

The maturation of the cochlea requires precise temporal and spatial signaling patterns necessary for morphogenetic events and cell fate

decisions.90 Our data show that OMCs are the main contributors to outgoing signaling in the developing cochlea. This outgoing signaling of

OMCs consists of both a coordinated global response (i.e., universal OMC pathways) as well as spatially distinct communication patterns

unique to each one of the OMC subpopulations. During embryonic development, OMCs are known to play a role in axonal guidance and

SGN survival and our data suggest that the adjacent type III modiolar OMCs facilitate many of the previously identified SGN signaling path-

ways including EPHB, SEMA5, and CXCL. However, our analysis also identified the growth and differentiation factor (GDF) pathway, mainly

Gdf10 (ligand) as expressed by type III OMCs and Acvr1b/2a (receptors) by SGNs (Figure S9C). Gdf10 is known to facilitate axonal sprouting

andmore recently the GDF10-ACVR1b/ACVR2a pathway was identified to be a factor in early enteric nervous system development.91,92 Inter-

estingly, another enteric nervous system pathway, endothelin (EDN), was identified with Edn3 (ligand) expressed by type III OMCs and Ednrb

(receptor) expressed by glial cells (Figure S9C). Both EDN3 and EDNRB are known human deafness genes and have been shown to inhibit

both neuronal and glial differentiation.93,94 In addition to neuronal development, we also identified angiopoietin-like (ANGPTL) and vascular

endothelial growth factor (VEGF), known to play a role in angiogenesis, in themodiolarOMCs (Figure S9D). Even thoughmost cochlear vascu-

lature networks are found in the lateral wall (�80%), the modiolus/spiral lamina also contains vascularity (�19–24%) which is critical for normal

neuronal activity.95–97

Figure 5. Cell-cell communication analysis of the P7 cochlea

(A) Merged P7 epithelial enriched and mesenchymal enriched datasets, visualized in magenta and cyan, respectively, in UMAP space.

(B) P7 merged dataset visualized by cell type in UMAP space.

(C and D) Inferred outgoing/incoming signaling communication patterns of the P7 cochlea, which displays the cell types within each signaling pattern and the

inferred signaling pathways. Thickness of flow indicates cell group or signaling pathway contribution to each pattern.

(E–F) Inferred outgoing/incoming signaling pathways of P7 OMCs. Top histogram displays amount each cell type contributes to the pattern. Histogram to the

right displays the amount each signaling pathway contributes to the pattern. Relative strength represented by a gray-cyan-magenta color scale.

(G) Dot plot of relative incoming vs. outgoing interaction strength of all P7 cochlear cell types. Size of dot represents number of interactions of cell type. Dotted

circle highlights mesenchyme.

DC: Deiters Cells, HeC: Hensen’s Cells; IHC: Inner Hair Cells, OHC: Outer Hair Cells, IPC: Inner Pillar Cells, LKO: Lateral Kölliker’s Organ, MKO: Medial Kölliker’s

Organ, MLKO: Medial Lateral Kölliker’s Organ, OPC: Outer Pillar Cells, IPC: Inner Pillar Cells, IPhCs: Inner Phalangeal Cells.
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In addition to furthering our cell type-specific understanding of cochlear development, this study is pivotal to developing mesenchyme-

containing inner ear organoids which are instructive for the identification of new regenerative drugs and therapeutics for hearing loss. Early

in otic vesicle development, the combination of numerous signaling pathways from within the cochlear epithelium itself and the surround-

ing cell types, including the OMCs, enables otic progenitor cells to commit to cochlear cell fates.90 Our data suggest that OMCs are

heavily involved in cell-cell signaling, most likely influencing the development of numerous cell types during cochlear development.

This is supported by the fact that explanted otocysts to ectopic locations do not develop normally without some OMC tissue present.43,98

However, current in vitro organoid cochlear models appear to contain a small subset of cochlear cell types, with the focus being on neuro-

sensory cell types.99–102 Interestingly, the hair cells generated from these in vitro studies are often described as hair cell-like cells and pre-

dominantly vestibular in character.103,104 Cochlear-specific mesenchymal cells, currently not known to be present in these cultures, could be

one of the missing variables needed for more mature cochlear organoids including terminal differentiated cochlear hair cells. Indeed,

recent publications highlight the importance of organ-specific mesenchyme in organoid development.105–109 Also, OMCs not only influ-

ence the differentiation of developing hair cells, but potentially could be a source of regeneration, as tympanic border cells are self-renew-

ing in a WNT-dependent manner, and able to trans-differentiate into supporting cell-like and hair cell-like cells.110 This further indicates

that characterization of the type I basilar membrane OMC gene regulatory network may lead to the discovery of novel genes necessary for

a hair cell regeneration pathway.

In summary, we have shown thatOMCdiversification occurs shortly after the formation of the otocyst with further refinement until the onset

of hearing, well before terminal differentiation. Our data also suggest OMCs are the main contributors of outgoing signaling during cochlear

development, showcasing their importance in influencing surrounding cochlear cell types. Without cochlear OMCs and their later terminally

differentiated cell types, normal auditory function would not be feasible highlighting the importance of tissue-specific mesenchymal cells in

cochlear development.

Limitations of this study

This study has several limitations. Firstly, due to the high-cost nature of scRNA-seq, this study has limited biological replicates for each scRNA-

seq dataset. Secondly, without more developmental time points, we were unable to resolve the full developmental trajectory of each OMC

subpopulation. Thirdly, our data suggest regulators of eachOMC subpopulation; however, further multiomic analyses are needed to identify

transcription factors necessary for OMC diversity. Finally, the cell-cell commination pathways presented in this study are purely based on

scRNA-seq gene expression and currently lack a spatial component and experimental validation.

STAR+METHODS

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

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY

B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

B Mouse models

d METHOD DETAILS

B Genotyping

B Cochlear dissections, single cell dissociations, FACS, and 10x genomics capture

B Library preparation and sequencing

B Immunohistochemistry

d QUANTIFICATION AND STATISTICAL ANALYSIS

B Data preprocessing and initial analyses of both E15 and P7 scRNA-seq datasets

Figure 6. Cell-cell communication analysis of the E15/E16 cochlea

(A) Merged E16 epithelial enriched and E15 mesenchymal enriched datasets, visualized in magenta and cyan, respectively, in UMAP space.

(B) E15/E16 integrated dataset visualized by cell type in UMAP space.

(C and D) Inferred outgoing/incoming signaling communication patterns of the E15/E16 cochlea, which displays the cell types within each signaling pattern and

the inferred signaling pathways. Thickness of flow indicates cell group or signaling pathway contribution to each pattern.

(E–F) Inferred outgoing/incoming signaling pathways of E15/E16 OMCs. Top histogram displays amount each cell type contributes to the pattern. Histogram to

the right displays the amount each signaling pathways contributes to the pattern. Relative strength gray-cyan-magenta color scale.

(G) Relative incoming vs. outgoing interaction strength of all E15/E16 cochlear cell types. Size of dot represents number of interactions of cell type. Dotted circle

highlights mesenchyme.

DC: Deiters Cells, HeC: Hensen’s Cells; IHC: Inner Hair Cells, OHC: Outer Hair Cells, IPC: Inner Pillar Cells, KO: Kölliker’s Organ, OPC:Outer Pillar Cells, IPC: Inner

Pillar Cells, IPhCs: Inner Phalangeal Cells, Pro Epi/OMCs: progenitor epithelial/OMCs, Peri: Pericytes, IdC: Interdental Cells, IS: Inner Sulcus, LPro: Lateral

Prosensory, MPro: Medial Prosensory, OS: Outer Sulcus, LER: Lesser Epithelial Ridge.
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B Sub-clustering analyses of OMCs at E15 and P7

B Cell-cell communication network analysis of the E15/16 and P7 cochlea
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Supplemental information can be found online at https://doi.org/10.1016/j.isci.2023.107769.
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Figure 7. OMC-centric gEAR profile for visualization, sharing and analyses

(A) Overview of the OMC-centric gEAR profile including the E15/E16 whole cochlea, E15 mesenchymal, P7 whole cochlea, and P7 mesenchymal datasets. Gene

displayed is Pou3f4.

(B) Examples of the custom graphical displays for both the E15 and P7 mesenchymal datasets. Gene displayed is Car3. Gene expression represented by gray to

magenta color scale.

(C) gEAR compare gene expression tool. Allows for users to compare expression across any two conditions within a single dataset, here showing differentially

expressed genes between type III and type IV OMCs.

(D) The single-cell workbench allows user to perform analyses from raw data (‘‘de novo’’) or use a curated stored analysis to explore marker genes and compare

gene expression across clusters. Shown here are marker genes for each P7 OMC subpopulation in both dot plot and violin form. Additionally, comparative

analysis of type I and type IE OMC subpopulations are shown via split-violin plots.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Chicken polyclonal anti-POU3F4 Coate et al., 2012,16 Aves Labs RRID: AB_2814704

Rat monoclonal anti-CD326 (Ep-CAM) Biolegend Cat# 118213, RRID:AB_1134105

Rabbit polyclonal anti-MYO6 Proteus Biosciences Cat# 25–6791, RRID:AB_10013626

Mouse monoclonal anti-KCNQ1 Santa Cruz Biotechnology Cat# sc-365186, RRID:AB_10707688

Mouse polyclonal anti-TUJ1 Biolegend Cat# MMS-435P, RRID: AB_2313773

Rabbit polyclonal anti-EMILIN2 Amma et al., 200322 RRID:AB_2941943

Rabbit monoclonal anti-TGFBI Abcam Cat# ab170874,

RRID:AB_2895231

Rabbit monoclonal anti-RUNX2 Cell Signaling Technology Cat# 12556, RRID:AB_2732805

Rabbit polyclonal anti-CAR3 Proteintech Cat# 15197-1-AP, RRID:AB_2243603

Critical commercial assays

Chromium single cell 30reagent kit V3 10x Genomics Cat# PN-1000075

Deposited data

E15 and P7 raw cochlear scRNA-seq datasets This paper GEO: GSE217727

E15 and P7 analyzed cochlear scRNA-seq datasets This paper UMgEAR.org/mesenchyme

E16 and P7 cochlear epithelial scRNA-seq datasets Kolla et al., 20201 GEO: GSE137299

Experimental models: Organisms/strains

Mouse: Crl:CD1(ICR) Charles River RRID:IMSR_CRL:022

Mouse: C57BL/6J Pou3f4tm1Cren/y Phippard et al., 199914 RRID:MGI:3046172

Oligonucleotides

Primer: Pou3f4 Forward Primer:

CACTCTGATGAA GAGACTCCAAC

This paper N/A

Primer: Pou3f4 Reverse Primer:

CACCGTGTGCGA ATAAACCTC

This paper N/A

Software and algorithms

ImageJ (FIJI) Schindelin et al., 2012111 RRID:SCR_002285

R Project for Statistical Computing http://www.r-project.org/ RRID:SCR_001905

Cell Ranger 10x genomics112,113 RRID:SCR_017344

Seurat (R package) https://satijalab.org/seurat/114,115 RRID:SCR_016341

IpathwayGuide Advaita Bio116 N/A

RcisTarget (R package) Aibar et al., 201733 N/A

EnhancedVolcano (R package) https://bioconductor.org/packages/EnhancedVolcano RRID:SCR_018931

Monocle3 (R package) https://cole-trapnell-lab.github.io/monocle3117–119 RRID:SCR_018685

gene Expression Analysis Resource (gEAR) https://umgear.org31 RRID:SCR_017467

Biorender http://biorender.com RRID:SCR_018361

CellChat (R package) https://github.com/sqjin/CellChat 54 RRID:SCR_021946

Other

Chromium Controller 10x Genomics N/A
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Lead contact

Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Dr. RonnaHertzano

(ronna.hertzano@nih.gov).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All data supporting the findings of this study are available within the article itself, supplemental information or available upon reasonable

request. All scRNA-seq datasets generated for this manuscript have been deposited at GEO (GEO: GSE217727) and are publicly available

as of the date of publication. This paper does not generate or report any original code. Any reasonable request for additional information

required to reanalyze the data reported in this manuscript is available from the lead contact, Dr. Ronna Hertzano.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse models

All procedures involving animals were carried out in accordance with the National Institutes of Health Guide for the Care and Use of

Laboratory Animals and have been approved by the Institutional Animal Care and Use Committee at the University of Maryland, Baltimore

(protocol numbers 0721005 and 0918005). Mice were housed in temperature and humidity-controlled facilities with a 12-hour-light/dark cycle

and with ad libitum access to food and water.

Only wildtypemale pups with a C57BL/6J background, generated from a cross between Pou3f4+/� females and Pou3f4y/-males were used

in the generation of both E15 and P7 scRNA-seq datasets.14 Male and female C57BL/6J pups were used for immunohistochemistry experi-

ments (Veterinary Resources, University of Maryland, Baltimore). Time-pregnant CD-1(ICR) females were purchased from Charles River to

generate pups at P2, P5 and P7 and inner ears were extracted for immunohistochemistry (strain code: 022).

METHOD DETAILS

Genotyping

Genotyping of Pou3f4 alleles was performed by PCR with the following primers: Pou3f4-FP 50 CAC TCT GAT GAA GAG ACT CCA AC 3’;

Pou3f4-RP 50 CAC CGT GTG CGA ATA AAC CTC 3’. Amplification of the Pou3f4 alleles results in a wild-type band of 510bp. The primers

for genotyping the Pou3f4 alleles are located within the Pou3f4 gene, resulting in no amplification in Pou3f4 null mice. Genotyping for

E15 pups was performed simultaneously with cochlear preparations before 10x Genomic single-cell capture. Genotyping for P7 pups was

performed the day before cochlear preparations/10x Genomic single-cell capture and pups were identified via tattoo.

Cochlear dissections, single cell dissociations, FACS, and 10x genomics capture

For both E15 and P7 scRNA-seq datasets, cochlear dissections were performed by extracting the inner ear from themice followed by extract-

ing the cochlear duct from the overlying bone/cartilage. To ensure our analysis encompassed all OMCs in an unbiasedmanner, the entirety of

the cochlear duct was utilized, including themodiolus and lateral wall. Micro-dissected cochlear tissue from 2mice was pooled for each data-

set and dissociation was performed by incubating cochleae in Thermolysin (Sigma) for 20 min at 37�C followed by two 5-min incubations with

papain (Worthington Biochemical) at 37�C with mechanical disruption by titration after each incubation. After addition of 20% ovomucoid

protease inhibitor (WorthingtonBiochemical), the cell suspension was passed through a 20mmfilter (Falcon) to remove large debris. To ensure

high-quality samples, fluorescence-activated cell sorting (FACS) was performed using a BD FACSAria� II Cell Sorter (BD Biosciences), at the

University of Maryland School of Medicine (UMSOM) Flow Cytometry Core. Strict forward and side scatter (FSC and SSC) gates were used to

remove confounding debris via size and granularity, respectively. Before the 10x Genomics single cell capture occurred, an aliquot of each

sample was used to assess quality and concentration of cells using a TC20 Automated Cell Counter (Bio-Rad). A target capture of 10,000 cells

per sample was chosen. Samples were processed by the Genomics Resource Center (GRC) at the UMSOM Institute for Genome Sciences

(IGS) for single-cell micro-fluidic capture via theGemCode platformwith v3 chemistry (10x Genomics). Time from euthanasia to 10x Genomics

single cell capture was �3 hours.

Library preparation and sequencing

After droplet-based single-cell capture via the 10x Genomics platform, single-cell gene expression libraries were generated using the

Chromium single cell 30 reagent kit v3 (10x Genomics). To assess library quality, traces were analyzed traces using the LapChip GC Touch

HT. Sequencing was performed on an Illumina NovaSeq 6000 at a target depth of 100,000 reads per cell with paired-end 75 bp reads. All

steps for library preparation and sequencing were performed by the GRC at UMSOM IGS.
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Immunohistochemistry

Inner ears fromE15, P2, P7 or P14mice were harvested and placed into 10%buffered formalin (Sigma) overnight rotating at 4�C. An additional
decalcification incubation for P7 and P14micewas performedovernight at 4�Cwith 0.5MEDTA (Quality Biological). All inner ears for this study

were paraffin-embedded (Leica), sectioned at 7mm (Leica RM2135 microtome), mounted on positively charged glass slides (Superfrost Plus;

Thermo Fisher Scientific), and dried in a HybEZ Oven (Advanced Cell Diagnostics) at 37�C overnight. Sectioned cochleae were deparaffined

with Xylenes (SigmaAldrich), dehydrated by ethanol washes (100%, 95%, 80% and 70%) and rehydratedwith deionizedwater. Prior to staining,

antigen retrieval was performedwith a 10mMcitric acid solution (0.05%Tween, pH 6.0) incubated at 95�C for 25min followedby a 1-h blocking

incubation at room temperature with 10% fetal bovine serum (Gemini Bio-Products) and 1% bovine serum albumin (Millipore Sigma) in PBS

with 0.2% Tween 20 (MP Biomedicals). All sections were labeled with anti-Pou3f4 (1:10,000, Coate et al., 2012), DAPI (1:2500, Thermo Fisher)

and one of the following: anti-TUJ1 (1:500, BioLegend), anti-CD326 (1:50, BioLegend), anti-MYO6 (1:1000, Proteus Biosciences), anti-KCNQ1

(1:50, Santa Cruz Biotechnology), anti-EMILIN2 (1:1000, Amma et al., 2003), anti-TGFBI (1:1000, Abcam), anti-RUNX2 (1:1000, Cell Signaling

Technology), or anti-CAR3 (1:1000, Proteintech).16 All secondary antibodies were used at 1:1000 and include: goat anti-chicken IgY Alexa

Fluor 488 (Thermo Fisher Scientific), donkey anti-rabbit IgG Alexa Fluor 548 (Thermo Fisher Scientific), donkey anti-mouse IgG Alexa Fluor

488 (Thermo Fisher Scientific), and chicken anti-rat IgG Alexa Fluor 488 (Thermo Fisher Scientific). Primary antibodies were incubated over-

night at 4�Cand secondary antibodies, including 300nMof DAPI, were incubated for 1-h at room temperature. Coverslips weremounted onto

slides with ProLong gold (Invitrogen) and sections were visualized using the Nikon E600 fluorescence microscope connected to an Infinity3-

6UR microscope camera (Lumenera).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data preprocessing and initial analyses of both E15 and P7 scRNA-seq datasets

Illumina BCL files were processed via Cell Ranger v6.1.2 pipeline, with reads aligned to the GRCm38 mm10 genome assembly. Cell Ranger

uses STAR for alignment and manufacturer’s software for all other steps.112,113 Seurat v3 was used for processing of the Cell Ranger

output.114,115 Firstly, quality control was performed removing cells with less than 200 genes, genes expressed in less than 3 cells and cells

expressingmore than 30%mitochondrial genes. After quality control, 7,703 P7 and 6,018 E15 cochlear cells were included in the final analyses.

E15 cochlear cells come from two separate scRNA-seq datasets, integrated via Seurat’s anchoringmethodology.114 Next, the expression data

were log transformed, normalized, and scaled for sequencing depth. Linear dimensionality reduction was performed via principal component

analysis (PCA), and unbiased graph-based clustering was performed using the top 15–20 principal components. Non-linear dimensionality

reduction was performed via the UMAP algorithm for visualization and cluster identification was performed manually by identification of

known marker genes (Figures S1B and S3A).120 OMC clusters were identified based on the expression of canonical markers (Pou3f4,

Tbx18, Tbx1 and Pou3f3, Figure S1C). To find marker genes for each OMC subpopulation, differential expression analysis was performed

via a non-parametric Wilcoxon rank-sum test (Seurat’s ‘‘FindAllMarkers’’ function; Tables S1 and S2).

Sub-clustering analyses of OMCs at E15 and P7

To fully investigate the differences between OMC subpopulations, all OMCs were separated into new datasets for both E15 and P7. Dimen-

sionality reduction via PCA and UMAP was repeated. OMCs were subclustered by an unbiased graph-based method and OMC subpopula-

tions were identified via previously identified marker genes at P7. The resolution of the unbiased clustering at P7 was increased to identify

additional OMC subpopulations that could represent tonotopic differences (type I) or further refined spatial distribution (type III/IV; Figure S7;

Table S5). To help identify E15OMC subpopulations, E15 and P7OMCdatasets were integrated via Seurat’s anchoringmethodology to allow

for direct comparison (Figure S5B). Differential expression analysis was performed at both E15 and P7 as per above (Tables S3 and S4). The

Bioconductor R-package EnhancedVolcano was used to generate differential expression volcano plots of E15 and P7 OMCs with a fold

change cutoff of 0.6 (https://github.com/kevinblighe/EnhancedVolcano). P7 differential gene lists were then used for GO-term enrichment

analysis (biological processes) by Advaita Bio’s iPathwayGuide (Table S7).116 RcisTarget was used for motif analysis, using its gene-motif rank-

ings formouse genes which is based on sequences 500bp upstreamof the transcriptional start sites.33 visNetwork was used for visualization of

the gene regulatory networks of the top 3 potential upstream regulators for each OMC subpopulation (https://datastorm-open.github.io/

visNetwork/). Monocle3 was used for the developmental trajectory analysis, using the raw count matrix from the E13, E15, and P7 integrated

OMC dataset.117–119 Gene modules were calculated using the find_gene_modules command using differentially expressed genes across

pseudotime with a q-value cutoff of <0.05.

Cell-cell communication network analysis of the E15/16 and P7 cochlea

To have the most robust datasets possible, our E15 and P7 mesenchyme-enriched datasets were merged with previously published E16 and

P7 epithelial-enriched datasets via Seurat’s merge function resulting in combined raw count matrices.1 After merging, the expression data

were log transformed, normalized, scaled for sequencing depth, dimensionality reduced and clustered as performed above. Resulting cell

clusters were identified with already known marker genes previously described.1 Ligand-receptor expression and cell interactions were as-

certained by using the R-package CellChat v1.1.3 (http://www.cellchat.org/).54 The analyses were performed according to the author’s

most updated vignette (https://github.com/sqjin/CellChat). Briefly, the normalized counts for each cell type were imported from Seurat

into a CellChat object, preprocessed to find over-expressed ligand-receptor interactions and biological significancewas inferred by assigning
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a probability value to each interaction (default CellChat method trimean was used) and performing a permutation test. Finally, CellChat em-

ploys a non-negative matrix factorization pattern recognition method to identify global communication patterns. The number of patterns

used was representative of when both Cophenetic and Silhouette values begin to drop suddenly as per suggested by CellChat authors.

CellChat provides various functionality for visualization, which were used here, including: river (alluvial) plots for global communication pat-

terns, heatmaps for signaling patterns and centrality scores, scatterplots for interaction strength, bubble plots for significant ligand-receptor

pairs from one cell group to another, and histograms for visualization of relative contributions of each ligand-receptor pair. Interactions with a

p value of <0.05 were considered significant.
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