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Functional molecular characterization of the cochlea has mainly been driven by the
deciphering of the genetic architecture of sensorineural deafness. As a result, the search
for curative treatments, which are sorely lacking in the hearing field, has become a
potentially achievable objective, particularly via cochlear gene and cell therapies.
To this end, a complete inventory of cochlear cell types, with an in-depth charac-
terization of their gene expression profiles right up to their final differentiation, is
indispensable. We therefore generated a single-cell transcriptomic atlas of the mouse
cochlea based on an analysis of more than 120,000 cells on postnatal day 8 (P8),
during the prehearing period, P12, corresponding to hearing onset, and P20, when
cochlear maturation is almost complete. By combining whole-cell and nuclear tran-
script analyses with extensive in situ RNA hybridization assays, we characterized the
transcriptomic signatures covering nearly all cochlear cell types and developed cell
type—specific markers. Three cell types were discovered; two of them contribute to
the modiolus which houses the primary auditory neurons and blood vessels, and the
third one consists in cells lining the scala vestibuli. The results also shed light on the
molecular basis of the tonotopic gradient of the biophysical characteristics of the
basilar membrane that critically underlies cochlear passive sound frequency analysis.
Finally, overlooked expression of deafness genes in several cochlear cell types was also
unveiled. This atlas paves the way for the deciphering of the gene regulatory networks
controlling cochlear cell differentiation and maturation, essential for the development
of effective targeted treatments.

hearing | gene therapy | cochlea | tonotopy | transcriptomics

The auditory system is unique among mammalian sensory systems in terms of its extreme
biophysical performance. The paucity of cochlear cells, especially the sensory hair cells
(HCs)—fewer than 15,000 in a human cochlea—long hampered efforts to decipher the
molecular mechanisms underlying the development and physiology of this organ.
Moreover, the spatial frequency organization of the cochlea, the tonotopy, adds to the
heterogeneity of most cochlear cell types, as the morphology and physiological properties
of any given cell type vary gradually along the tonotopic axis, from the base to the apex
of the cochlea. Within the sensory epithelium, the organ of Corti, housing the HCs and
their supporting cells (SCs), lies on the basilar membrane, which is also endowed with
tonotopically ordered biophysical characteristics. Hereditary deafness, the most frequent
disabling sensorineural disorder, is estimated to account for 60 to 80% of congenital or
permanent prelingual forms of deafness in high-income countries (1). Congenital and
prelingual inherited forms, and those with an onset up to early adulthood, are almost
exclusively monogenic and display considerable genetic heterogeneity, with about 125
genes responsible for isolated (nonsyndromic) and about 300 genes responsible for syn-
dromic forms identified to date (2). Some of the causal genes for inherited forms of
deafness play a crucial role in one particular cochlear cell type, as exemplified by most of
the genes encoding the molecular machinery for mechanoelectrical transduction in HCs,
which is located in the hair bundle, the mechanoreceptive structure for sound stimulation.
Other genes play crucial roles in several cochlear cell types. For example, G/B2, encoding
connexin 26, is expressed in most cochlear cell types other than HCs. Gene therapy
strategies are increasingly being designed and tested in mouse models of human deafness,
with the aim of rescuing hearing by gene replacement, augmentation, or editing in the
cochlear cell type(s) directly affected by the deficit. Proofs of concept for positive effects
have already been established in mouse models for several human deafness forms (3-6).
However, the optimization of these procedures to ensure efficient and safe therapies with
durable effects is critically dependent on adequate levels of temporal and spatial expression
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for the therapeutic agent. For this purpose, the building of a
single-cell transcriptomic reference atlas for the cochlea is an indis-
pensable step.

The application of recent advances in microfluidics to the sort-
ing of isolated cells extended single-cell deep-sequencing
approaches to large numbers of cells, thereby increasing the tran-
scriptomic information that can be harvested from a tissue by
several orders of magnitude. Some in-depth transcriptomic studies
have already investigated specific cochlear cell types, such as the
stria vascularis cells (7, 8), some SC types (9), and the primary
sensory neurons of the auditory nerve (10-13). By contrast, larger
studies at the tissue scale were initiated much more recently, with
some being available to the scientific community (14). Among
them, single-cell transcriptomic experiments have been performed
on cochlear floor epithelia obtained during embryogenesis and up
to P7 in mice, thus characterizing the developmental trajectories
of cochlear cell types and their early differentiation steps (15).
Nevertheless, there is currently no comprehensive standardized
transcriptomic atlas for all cochlear cell types covering the entire
differentiation process of this sensory organ right up to full mat-
uration. In the case of genetic defects causing particular patho-
physiological conditions, we need to assess not only the
transcriptomic changes of the target cell types but also of the
neighboring ones at various time points if we are to detect possible
indirect impacts on these cells. A reference atlas is also required
for a full comprehension of aging as well as the effects of environ-
mental insults, such as ototoxic drug exposure (16) or noise, on
the various cell types of the cochlea, the characterizations of which
have only just begun (17, 18).

Given that large exhaustive transcriptomic datasets for time
points after P7 are currently lacking in mice, we here builta com-
prehensive transcriptomic atlas of the mouse cochlea based on the
analysis of more than 120,000 cells at three critical stages of dif-
ferentiation: P8 (before hearing onset), P12 (upon hearing onset),
and P20 (when the cochlea is mostly mature). We obtained tran-
scriptomic signatures for almost all cochlear cell types by combin-
ing single-cell and single-nucleus RNA sequencing (scRNAseq
and snRNAseq, respectively) with extensive in situ RNA hybrid-
ization assays (RNAscope). Furthermore, we identified three pre-
viously unknown cell types and laid the foundations for
deciphering the molecular mechanisms underlying establishment
of the tonotopic organization of the biophysical properties of the
basilar membrane.

Results

Adapting scRNAseq and snRNAseq to Capture the Cell
Type Diversity in the Cochlea. With the aim of building a
comprehensive transcriptomic atlas of the mouse cochlea
capturing all cell types, we first optimized and standardized the
preparation of single cells and nuclei to improve yields for the
three postnatal ages tested (P8, P12, and P20). By applying the
10x Genomics technique for scRNAseq and snRNAseq, a total
0f22,827,26,169, and 39,010 cells were obtained from P8, P12,
and P20 cochlear samples, respectively, and 28,822 nuclei from
P8 cochlear samples (Fig. 1 A and B, ST Appendix, Figs. S1 and S2,
and Materials and Methods). Based on the analysis of the most
differentially expressed genes between cell types (see Dataset S1
and Material and Methods) as well as known markers, a total
of 37 cell types were identified in the transcriptomic atlas, as
shown by the snapshot comparing scRNAseq and snRNAseq data
(Fig. 1C). In order to confirm cell type assignment, RNAscope
assays targeting the most differentially expressed transcripts were
used. This is illustrated by probes directed against the Ozos mRNA
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that confirmed the localization of Otos transcripts (specific of the
cochlear fibrocytes) encoding otospiralin, which are present in
fibrocytes of the spiral ligament and spiral limbus (Fig. 1D) (19).

Broad Characterization of Cochlear Cell Type Diversity. We
combined the single-cell transcriptomic data from the three
differentiation stages probed, corresponding to a total of 88,006
cells, and split the dataset into two main ensembles: circulating cells,
mostly blood cells, and noncirculating cells (resident cochlear cells)
that were further split into cells from soft and cartilaginous/bony
cochlear tissues. The circulating cells were manually characterized
on the basis of canonical marker expression (S/ Appendix, Fig. S3
A-C). Noncirculating cell types were subdivided into six main
ensembles according to their cochlear subregion of origin, namely
the cell ensemble of the lateral wall that is mainly represented
by the stria vascularis cells in our scRNAseq data, especially
with its intermediate layer derived of neural crest (identified by
Mlana coding for a melanoma antigen); the cell ensembles of
the neurosensory epithelium, which consists of SCs (identified
by Otog encoding otogelin, S Appendix, Fig. S5B) and HCs (by
Capb2 encoding the calcium-binding protein 2); as well as the cell
ensemble of the spiral ganglion, which is composed of neurons
(identified by Nefh coding for neurofilament H) and glial cells
(identified by Gjb1 coding for connexin 32). Finally, the remaining
cochlear cell types were grouped together under the cell ensemble
designated as “surrounding structures” (SI Appendix, Fig. S3 D-F);
they express the Cavin2 gene encoding caveolae-associated protein
2 and their analysis led to the uncovering of cell types. For the sake
of clarity, the atlas resulting from the identification of all the cell
types in the dataset is presented using this subdivision.

Transcriptomic Profiles of Individual Cochlear Lateral Wall Cell
Types and Associated Cell Markers. The transepithelial potential
between the endolymph and the perilymph drives transduction
current through the mechanosensitive channels in the hair bundle
of the HCs. By establishing and maintaining the endocochlear
potential, the lateral wall, composed of the stria vascularis and the
spiral ligament (20) (Fig. 24), plays a key role in auditory function.
Blood capillaries could be identified through the transcriptomic
signature of the endothelial cells based on endothelial cell adhesion
molecular transcript (encoded by Esam) expression. Pericytes could
be identified based on the regulator of G-protein signaling 5
transcript (encoded by Res5) expression (21), while smooth muscle
cells were identified based on transgelin transcript (encoded by
Tagln) expression (22) (Fig. 2B). For the sake of simplicity in
data presentation, all the capillaries of our dataset were assigned,
by default, to the stria vascularis housing 80% of the cochlear
capillaries (23).

We could identify the cell types composing the three layers of
the stria vascularis, the main interface for exchanges between the
lateral wall and the endolymphatic compartment. The cells of the
outer layer, the marginal cells, were identified on the basis of the
specific expression of the K* channel subunit Kenel (Fig. 2B), and
the CI channel subunit Barttin (Bsnd) (SI Appendix, Figs. S10-13)
(24, 25). The cells of the intermediate layer, which have the same
embryonic origin as melanocytes, could be identified on the basis
of the expression of genes involved in melanin biosynthesis (26),
such as 7yrencoding tyrosinase (Fig. 2B), Dctencoding dopachrome
tautomerase, and Slce4542 encoding a membrane-associated proton/
glucose transporter protein. The innermost layer, made of basal
stria cells, lacks of specific markers. Cldn11, the most commonly
used one, is strongly expressed in basal stria cells (27) (Fig. 2B),
but is also present in other cochlear cell types (SIAppendix,
Fig. S4 A and B). Based on the expression of this gene, we identified
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Transcriptomic characterization of cochlear cell types. (A) Experimental design of the study. (B, Left) T-SNE plots depicting the scRNAseq (P8-P12-P20) and

the snRNAseq (P8) datasets. (B, Right) Diagram of the cochlea depicting the main cell-type ensembles characterized. (C) Bubble plot analysis of the most differentially
expressed gene for each cochlear cell type, comparing the scRNAseq and snRNAseq datasets on P8. The expression of Otos is highlighted in red. (D) Top window
(scale bar, 500 pm): Z-projection of a P8 whole cochlea cryosection stained with DAPI, immunostained for myosin7a, and stained for Otos mRNA with RNAscope.
Bottom window (scale bar, 100 pm): Magnification of the inset showing Otos mMRNA detection in the spiral limbus (SL) and lateral wall (LW). OC: organ of Corti.

a candidate cluster of this cell type. In this cell population, the most
differentially expressed gene encoded the ATPase proton pump
Atp6v0a4 (Fig. 2B). Atp6v0a4 is defective in distal renal tubular
acidosis in humans, a condition often associated with sensorineural
hearing loss (28), and defects in Azp6v0a4 have been shown to
cause severe hearing impairment in mice. Ap6v0a4 expression has
been previously described in the endolymphatic sac, a nonsensory
organ of the inner ear. However, RNAscope assays revealed an
expression of Atp6v0a4 transcripts exclusively in the basal stria layer,
providing a specific marker of the basal stria cells (S7 Appendix,
Fig. S4B). This observation suggests that these cells are likely

PNAS 2023 Vol.120 No.26 2221744120

involved in the pathogenesis of the hearing impairment in distal
renal tubular acidosis.

We then identified the spindle cells and root cells located
between the stria vascularis and the outer sulcus cells, based on
the expression of S/c26a4, encoding the anion exchange protein,
pendrin (Fig. 2B), whose homozygous mutations cause the
deafness-associated Pendred syndrome (29, 30). The functions of
these cells remain unclear, but a possible role in cochlear K* home-
ostasis has been suggested (24). These two cell types were discrim-
inated on the basis of the differential expression of epiphycan
(Epyc) and annexin Al (Anxal) expressed in root cells and spindle
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cells, respectively (Fig. 2B) (7). We then identified the fibrocytes,
the main cellular component of the spiral ligament, a structure
known for its elasticity that enables the displacement of the basilar
membrane. These cells form the loose connective tissues and are
crucial for maintenance of the endocochlear potential and blood
flow regulation (19). They were identified on the basis of their
expression of a specific marker, otospiralin, and expressed specific
collagen transcripts such as Co/922 and Col9a3 (SI Appendix,
Fig. S4C). Fibrocytes were further subdivided into their five
known subtypes present in the spiral ligament by using the
Sle12a2, Gjb2, and Car2 markers, which led us to generate their
respective transcriptomic profile (Fig. 2C and Dataset S1). In
addition to the spiral ligament, fibrocytes are also present in the
spiral limbus (S Appendix, Fig. S4C), a region localized medially
to the neurosensory epithelium. Taking advantage of this atlas,
further RNAscope assays will be critical to know whether the
spiral limbus expresses those subtypes, or additional ones. Notably,
the snRNAseq method brought more balanced cell population
sizes, an observation particularly striking for the three stria vas-
cularis layers (SI Appendix, Fig. S4D). Indeed, the scRNAseq
method resulted in a strong positive bias toward the harvesting
of the intermediate stria cells at the expense of other cell types,
especially the basal stria cells that were almost excluded. Overall,
through the unprecedented characterization of the five subtypes
of fibrocytes and the identification of associated cell markers, our
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atlas provides a deep transcriptomic profiling of all lateral wall
cell types and opens avenues for the developmental analysis of
their transcriptome.

Refined Signatures of Supporting Cell Types of the Neurosensory
Epithelium. When undertaking the classification of sensory cells in
our scRNAseq data, inner hair cells THCs) were easily identified on
the basis of the expression of Pou4f3, encoding a HC transcription
factor (31) expressed by both IHCs and outer hair cells (OHCs),
and the genes encoding the glutamate transporter Vglut3 (Slk!7a8)
as well as the calcium sensor of synaptic vesicle recycling and
exocytosis otoferlin (Orof), both of which are specific to IHCs on
P8 (3, 32). In the absence of detection of Sle2645, encoding the
piezoelectric protein prestin, which mediates OHC electromortility
and is involved in cochlear amplification (33), as well as Tkz/2, a
key transcriptional regulator involved in OHC maturation (34),
we concluded to the absence of OHCs from our scRNAseq data.
Likely, they were excluded during the cell sorting steps, due to their
fragility and atypical membrane properties related to the presence
of prestin. In contrast, the snRNAseq dataset enabled to detect
both IHCs and OHC:s as two separate clusters, using the markers
previously mentioned for their identification (Fig. 3 4 and B).
We then tackled the identification of the various epithelial SCs
that are interconnected by tight and adherens junctions maintain-
ing the structural integrity of the epithelium and its resilience to
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Fig. 3. Transcriptomic classification of the neurosensory epithelium and spiral ganglion. (A) Diagram of the cochlea, highlighting the neurosensory epithelium
and afferent connections from the ganglion. The transcriptomic data identified one group of cells comprising the inner border (IBC), inner phalangeal (IPC), and
Hensen's (HeC) cells; another group of cells comprising the inner-outer sulcus (ISC-OSC) and Claudius cells (CC); and individual cell types, such as the interdental
(IDQ), pillar (PC), and Deiter's cells (DC). The type | and Il neurons were characterized together with the satellite glial cells (SGCs) and Schwann cells (Sch). (B)
ScRNAseq (P8-P12-P20) (Left) and P8 snRNAseq (Right) datasets for the neurosensory epithelium. (Top) Corresponding t-SNE plots. The black circles correspond
to nonassigned cells. (Bottom) Corresponding violin plots showing expression levels for a subset of genes used to classify cell types. (C) t-SNE plots for scRNAseq
(P8-P12-P20) and snRNAseq (P8) on neuronal/glial cells. (D) Bubble plot analysis comparing the scRNAseq (P8-P12-P20) and snRNAseq (P8) datasets.

sound stimulation, and that communicate by gap junctions. SCs
ensure the impermeability of the barrier between the endolymph
and the perilymph, and thereby the endocochlear potential essen-
tial for HC transduction. The characterization of the various SC
types by their transcriptomic profiling is hampered by the absence
of known specific markers allowing to distinguish one SC type to
another. Combining scRNAseq data with RNAscope assays, the
SCs were identified on the basis of the presence of transcripts
encoding for otogelin (Org) and otogelin-like (Orogl), which are
known to form the horizontal top connectors and the tectorial
membrane-attachment crowns of the OHC hair bundles (35).
This identification was further confirmed by the presence of tran-
scripts encoding the tectorial membrane-like tectorin-p (Zectb)
and harmonin (Ushlc) proteins, the latter being in addition
expressed in HCs as previously described (Fig. 3 4 and B and
SI Appendix, Fig. S5 A and B) (36). By performing RNAscope
assays and on the basis of published data (37, 38), we then grouped

some SC types into two main groups according to the differential

PNAS 2023 Vol.120 No.26 2221744120

expression of Smpx, encoding the small muscle protein X, and
Epyc encoding an extracellular matrix component, epiphycan. The
inner border, inner phalangeal, and Hensen’s cells express both
Smpx and Epyc, whereas the Claudius cells and inner and outer
sulcus cells express Epyc only. Aquaporin 4 by RNAscope assay
was found to have an expression profile similar to that of Epyc,
agreeing with previously published results (39) and reinforcing
the validity of this subdivision (S/ Appendix, Fig. S5 Cand D).
For three additional SC types, it was possible to define their indi-
vidual transcriptomic signature: the interdental cells, which are
located on the inner side of the neurosensory epithelium, and
specifically express Oroa, encoding otoancorin, a protein essential
for attachment of the tectorial membrane to the underneath spiral
limbus (40); the pillar cells, which form the tunnel of Corti and
were identified on the basis of their strong expression of Lgr6,
Ednrb, and Prdm12 (41); and the Deiters’ cells which provide a
structural scaffold for the OHCs and have been shown to express
a number of genes, such as Ceacaml6, Rbp, and Fabp3,
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differentially with respect to other SCs (42) (Fig. 3B). Our atlas
thus extends the transcriptomic profiles of SCs during cochlear
maturation, for which the existing data were scarce.

Identification of Neuronal and Glial Cells. We complemented this
atlas with the spiral ganglion (Fig. 3 Cand D), which contains the
cell bodies of the primary auditory neurons. These afferent neurons
are either of type I, which accounts for 95% of the neuronal
population, with the synapsing of each bipolar neuron to only
one IHC, or of type II, with each neuron connecting onto several
OHG:s. Type I afferent neurons transmit the sound signal from
the IHC: to the cochlear nucleus in the brainstem, whereas type
IT neurons are thought to be involved in nociception, mediating
the sensation of painfully loud sounds (43). We identified afferent
neurons on the basis of their expression of known neuronal
markers (the SNARE protein Snap25 (Snap25), the intermediate
filament protein neurofilament L (Nef)), and the calcium buffers
parvalbumin (Pvalb) and calbindin (Calb)). We distinguished
type I and II neurons on the basis of the specific expression of
the intermediate filament protein peripherin (Prph) present in
the latter (44). We also detected the glial cells, which comprise
the satellite glial cells, glial precursor cells, and Schwann cells.
The satellite glial cells, that express unique markers different
from those expressed in the dorsal root ganglia (45), encapsulate
the soma of spiral ganglion neurons and most likely maintain
their excitability (46). They express genes encoding proteins
involved in myelination, such as the myelin oligodendrocyte
glycoprotein (Mog), myelin-associated glycoprotein (Mag), and
myelin-associated oligodendrocyte basic protein (Mobp). The
glial precursor cells did not express the myelin-related genes,
but did express the oligodendrocyte transcription factors Olig!
and Olig2. Finally, our data identified the Schwann cells, which
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produce the myelin sheath insulating the peripheral neurites of
the type I neurons. The absence of Schwann cells has been shown
to impair the proper patterning of afferent projections (47).
These cells specifically express myelin protein zero (Mpz), a major
component of the peripheral myelin sheath, and periaxin (Prx),
a protein involved in its maintenance. The P8 snRNAseq data
provided similar results in terms of the proportions of the various
cell types and their transcriptomic signatures, but with more
neurons harvested (Fig. 3 C and D). Overall, our atlas profiles
the transcriptomic signatures of both neurons and all types of glial
cells in the mouse cochlea.

Identification of Cochlear Osseous Cell Types. The remaining
noncirculating cells that did not belong to any of the cell-
type ensembles described above were classified as surrounding
structures. We first classified cochlear cells that expressed genes
relating to bone function (Fig. 4). The central axis of the cochlea,
the modiolus, is a spongy bone structure from which the osseous
spiral lamina is projected about halfway across the cochlear canal.
Moreover, the cochlea is surrounded by the osseous shell that was
removed during the dissection, but some pieces remained associated
with the cochlear tissue, particularly at mature stages (ST Appendix,
Fig. S1A4). We identified the three distinct maturation stages of the
cells comprising the bone (Fig. 4 A and B). Cochlear preosteoblasts
were identified by analyzing the expression of D/x5 and Runx2
involved in osteoblastic differentiation. They correspond to the
first stage of bone cell development from mesenchymal cells
and were barely detected from P12 on (SI Appendix, Fig. S6A).
Preosteoblasts develop into osteoblasts, which produce the bone
extracellular matrix and its mineralization. Osteoblasts are located
over the surface of the bone (87 Appendix, Fig. S6B), are known

to account for 5% of the total bone cell population, and were
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recognized on the basis of their specific expression of osteocalcin
transcript (promoting bone mineralization, encoded by Bglap), the
interferon-induced transmembrane protein 5 transcript (encoded
by Ifitm5) (Fig. 4B), and the integrin-binding sialoprotein
transcript (encoded by Ibsp) (SI Appendix, Fig. S6B). Upon
maturation, these cells develop into osteocytes, located deeper in
the mineralized bone (87 Appendix, Fig. S6B), and are known to
account for 90 to 95% of the total bone cell population. Markers
of osteocytes include the transmembrane endopeptidase Phex and
the Dentin Matrix Protein 1 Dmp! (Fig. 4B and SI Appendix,
Fig. S6B) (48).

In addition to these three well-described bone cell types, scR-
NAseq and snRNAseq also identified two clusters corresponding
to two unknown cell types, referred to hereafter as surrounding
structures 1 and 2 (SS1, SS2) cells. SS1 differentially expressed
genes such as Osr2 (coding for the Odd-Skipped Related tran-
scription factor 2 protein) and Chrd/I (coding for the chordin-like
protein 1), whereas SS2 had a different transcriptomic profile,
expressing other marker genes, such as Bmp6 and Collal at the

A Single-cell (P8-P12-P20)

three tested differentiation stages (Fig. 4B). The transcripts of
Aldh1a2, one of the most differentially expressed genes in SS1 but
also expressed in SS2, encoding the Aldehyde Dehydrogenase 1
Family Member A2 enzyme, catalyzing the synthesis of retinoic
acid, were detected by RNAscope in the modiolus, the marginal
stria cells, and the tympanic border cells (TBCs). The transcripts
of Sle7all, one of the most differentially expressed genes in SS§2
and absent in SS1, coding for a cystine/glutamate transporter,
were also detected in the modiolus but were barely detectable in
the other cell types (SI Appendix, Fig. S6 B and C). We then com-
pared the biological functions of SS1 and SS2 with those of all
the other cochlear cell types by performing gene ontology (GO)
term analysis on their most differentially expressed genes (Dataset
§2) that identified biological processes involved in osteoblast dif-
ferentiation, ossification, cartilage development, odontogenesis,
and skeletal system development (SI Appendix, Fig. S6D and
Dataset S2). SS1 and SS2 may, therefore, contribute to bony
structures in the modiolus. Whether SS1 and SS2 correspond to
two stages of differentiation of the same cell type could not be
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Fig. 5. Uncovery of a cochlear cell type. (A) Diagram of the cochlea, highlighting Reissner's membrane (RM) cells, the scala vestibuli border (SVB) cells, and the
bone-related cells. Left t-SNE plot: scRNAseq (P8-P12-P20) data showing the cell types shown in the diagram. The black circles correspond to nonassigned cells.
Middle t-SNE plot: scRNAseq (P8-P12-P20) data showing the expression of Slc26a7, a marker of RM cells. Right t-SNE plot: scRNAseq (P8-P12-P20) datasets showing
the expression of Fxyd2 and Kcnk2 colocalizing in the SVB cell cluster. (B) Left t-SNE plot: snRNAseq P8 data showing the cell types shown in the diagram. Right
t-SNE plot: snRNAseq P8 data showing the expression of Fxyd2 and Kcnk2 colocalizing in the SVB cell cluster. (C) Heat map/hierarchical clustering of the SVB cells,
RM cells, SCs, and fibrocytes. Gene expression levels are presented as Z-scores. (D) Z-projections of a P20 cochlea cryosection stained with DAPI, immunostained
for myosin7a, and stained for the Kcnk2 mRNA and Fxyd2 mRNA with RNAscope. Magnifications of the area framed in white, with individual channels shown. (Scale
bar, 100 pm.) (E) Serial electron microscopy acquisitions of P1, P8, and P20 cochleae. Magnifications of the areas framed in white are shown. Arrows and asterisk
indicate the presence and absence of SVB cells, respectively. (Scale bar, 50 pm.) SL: spiral limbus, RM: Reissner’'s membrane, LW: lateral wall, OC: organ of Corti.
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formally excluded. Altogether, besides the characterization of the
three classical bone cells, our data revealed two transcriptomically
distinct cell types that we suggest may be related to the spongious
nature of the modiolar bone.

Uncovery and Characterization of a Cochlear Cell Type. In the
surrounding structures, we identified three clusters that were not
related to the bone. The first one differentially expressed Slc2647,
encoding an anion exchange transporter, previously shown by
immunostaining to be present in the epithelial cells of Reissner’s
membrane (RM) (49). This membrane forms a selective diffusion
barrier separating the scala media endolymphatic compartment
from the scala vestibuli perilymphatic compartment (Fig. 54)
and is therefore an essential structure for the maintenance of
a positive endocochlear potential. RNAscope assays against
Sle26a7 mRNA revealed a strong staining of the RM cells at the
three stages studied, and a faint staining of the cochlear lateral
wall on P8 that had disappeared by P20 (S/ Appendix, Fig. S7A).
As Sle26a7 expression in the lateral wall was barely detectable in
the transcriptomic data, this transcript was validated as a specific
marker of the RM cells.

The second cluster of cells from nonosseus surrounding structures
differentially coexpressed the genes encoding for the Na/K trans-
porting ATPase subunit gamma Fxyd2 and the potassium ion chan-
nel Kenk2, both detected in scRNAseq and snRNAseq data (Fig. 5
Aand B). However, this cluster could not be assigned to any known
group of cells. These cells have a transcriptomic profile different from
those of RM cells, SCs, fibrocytes (Fig. 5C), and all other cochlear
cell types. RNAscope assays for the Fxyd2 and Kcnk?2 transcripts on
P12 and P20 localized them in a cluster of cells medial to the neu-
rosensory epithelium, a few micrometers away from the base of RM
and facing the scala vestibuli at every turn of the cochlea (Fig. 5D
and ST Appendix, Fig. S7A). Earlier, on P8, the cell cluster extended
further, reaching the base of RM (Fig. 5E and ST Appendix, Fig. S7A).
At earlier stages, on E16.5, the Kenk2 mRNA was found in the
cartilaginous shell undergoing multisite vacuolization to become the
future scala vestibuli (50), whereas, on PO, it was located in the
remaining cells bordering the scala vestibuli and forming a multilayer
structure covering the RM (87 Appendix, Fig. S7A). By scanning
electron microscopy on P1, P8, and P20, we also observed cells
bordering the scala vestibuli and covering RM on P1, which subse-
quently decreased in number and retracted a few micrometers away
from RM (Fig. 5E). These cells expressed several causal genes for
various deafness forms, including Eps812, Gjb2, Gjb6, Homer2, Coch,
Clic5, Dcdc2a, Pou3f4, Col4a6, and Six1. However, GO term analysis
on the genes with the highest degree of differential expression did
not identify an enrichment of a particular function (87 Appendix,
Fig. S7B and Dataset S2). To the best of our knowledge, these cells
that we name—scala vestibuli border (SVB) cells—have never been
identified before as a particular cell type in any histological studies.

Transcriptomic Insight into the Tonotopic Maturation of the
Cochlea. The third nonosseus cluster from the surrounding
structures displayed strong and specific expression of Emilin2
(Elastin Microfibril. INterfacer 2), encoding a major extracellular
matrix glycoprotein of the basilar membrane (51). This membrane
is a highly specialized extracellular matrix sandwiched between the
organ of Corti and a paucicellular connective tissue produced by
the underlying TBCs. The basilar membrane, the width, thickness,
and stiffness of which vary progressively along the length of the
cochlea, acts as a frequency analyzer, generating a tonotopic map
with high-frequency sounds detected at the base and low-frequency
sounds at the apex of the cochlea (52). The stiffness gradient of the
basilar membrane has been proposed to be dependent on Emilin-2,
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which contributes to extracellular functions and tissue elasticity and
is synthesized by the underlying TBCs. Indeed, Emilin2 inactivation
in mice disorders the collagenous fibers running radially within the
basilar membrane as well as the supporting matrix and results in
abnormal auditory frequency tuning curves (51). By analyzing
Emilin2 mRNA localization using RNAscope assays, we revealed on
cochlear P8 cryosections a tonotopic gradient of Emilin2 expression,
with the intensity of expression decreasing from the base to the apex
of the cochlea. A similar observation was made for Rarres!, identified
as a possible tumor suppressor gene (53), and Nozum, which down-
regulates Wnt signaling (54). These three genes were among the most
differentially expressed genes in TBCs according to our scRNAseq
and snRNAseq data (Fig. 6 A and Band Dataset S1). The tonotopic
gradient of Emilin2 expression was further confirmed in RNAscope
analyses of whole-mount cochlear preparations (Fig. 6C).

For the identification of genes with a tonotopic gradient of expres-
sion, TBC:s collected on P8 were split into four equal-sized groups
of cells (quartiles) according to Emilin2 expression levels and assigned
to the base [first quartile (strongest expression level)], middle-base
(second quartile), middle-apex (third quartile), and apex [fourth
quartile (weakest expression level)] of the cochlea (Fig. 6D). TBCs
proliferate during the first postnatal week and are arranged in three
to four layers of equal thickness along the tonotopic axis on P8.
However, shortly thereafter, they undergo changes, as shown by
observations from P12 onward, with the basal region containing
only one layer, as previously reported (55), precluding direct quan-
titative interpretations of RNAscope assays at these ages (see P12-20
data in Fig. 6B and SI Appendix, Fig. S7A). The ordering of TBCs
on the basis of Emilin2 expression on P8 was supported by the
concomitant strong tonotopic gradient of Co/4a3 and Colda4,
encoding type IV collagens, components of the radial collagenous
fibers of the basilar membrane. Several genes, including Rarresl,
Knck3, Notumos, Notum, Cavl, LypdI, and Aox3, had similar expres-
sion profiles to Emilin2, with expression gradually decreasing from
base to apex. By contrast, the expression gradients of Spssb, Tnfaip6,
Cen3, and TéxI5 were the opposite of that for Emilin2 (Fig. G,
Dataset S3, and S Appendix, Fig. S8) (Kruskal—Wallis test followed
by NPMC Dunn-Holland-Wolfe test). The molecular pathways
involved in the tonotopic features mediated by TBCs were further
analyzed by applying GO and molecular network analysis tools
(Materials and Methods) to genes with a fold-change in expression
of more than 1.3 between the base and apex of the cochlea or vice
versa. Many of the GO categories identified were related to devel-
opment, morphogenesis, cell differentiation, and cell death, consist-
ent with the changes in basilar membrane morphology occurring
around P8. Several molecular pathways known to be involved in the
developmental organization of the cochlea (i.c., at earlier stages) dis-
played tonotopic expression in TBCs. These pathways comprised
the Wnt signaling pathway (Fzd10, Wifl, Pip5klb), which is
involved in early cochlear patterning, including cochlear duct growth
(56) and TBC development (55), the ephrin signaling pathway
(Epha5) involved in tonotopic innervation of the cochlea (57), and
the retinoic acid signaling pathway (Rarres1, stra6) involved in the
tonotopic patterning of HCs in chicken (58). Several genes encoding
developmental factors, including fibroblast growth factors (Fgfr2,
Fgfr4) and bone morphogenetic growth factors (Bmp4, Smad6), were
also identified (59). Molecular pathways not previously shown to be
related to cochlear tonotopy development were also identified. They
included the glial cell line~derived neurotrophic factor/Ret receptor
tyrosinase kinase signaling axis (Bmp4, Robo2) and the inhibitor of
the DNA-binding 2 protein (60). Furthermore, transcription factors
differentially expressed in TBC:s also displayed a tonotopic gradient
similar to that of Emilin2 (Gata6, Cux2, Nr1h3, Aroh8, and Atf3)
or running in the opposite direction (Sp5, Foxf2, Dach1, Pbx3, Tbx1,
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Fig.6. Tonotopic developmental dynamics of tympanic border cells. (4, Top) Diagram of the cochlea highlighting the TBCs. (4, Bottom) t-SNE plots of the scRNAseq
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Creb5, Osrl, Zic2, and Zic5) (Dataset S3). In conclusion, by com-
bining transcriptomic and RNAscope data, we compiled a list of
genes differentially expressed in TBCs with tonotopic gradients of
mRNA levels.

An Atlas of Deafness Gene Expression in the Cochlea. We then
investigated the changes in expression of all the detected genes
between P8 and P20 in each cochlear cell type, to assess their
individual and relative maturation processes. Remarkably, plots of
statistical significance against the fold-change in gene expression
(volcano plots) revealed that some of these cell types underwent
major changes, suggesting differentiation continuing after P8,
whereas others did not (S/ Appendix, Figs. S9-1 and §9-2 and Dataset
S4). Between P8 and P20, the cells from the three stria vascularis
layers and most cell types in the surrounding structures, including
the SVB cells, RM cells, and osteoblasts, displayed slight-to-moderate
changes in gene expression. By contrast, unlike HCs, cell types such
as SCs, TBCs, fibrocytes, osteocytes, SS1, and SS2 cells, displayed
major changes (S Appendix, Figs. S9-1 and $9-2). Fibrocytes
displayed the most marked changes, with a strong downregulation
of key transcription factors, such as Pou3f4 and MafB, and of several
structural proteins (Coll1al, Collla2, Tectb), but an increase in
the expression of otospiralin, and the gap junction proteins Gjb2
and Gjb6. Some of the changes revealed here can be tentatively
correlated with known changes in cell structure, morphology, and
function, such as the formation of some OHC hair bundle links.
However, tectorial membrane maturation, which involves proteins
expressed by SCs (Tecta, Tectb, Ceacam16, Otoa, Otog, and Otogl)
(61), and other changes highlight an acquisition of functions yet to
be elucidated.

PNAS 2023 Vol.120 No.26 2221744120

Next, we investigated the possible clustering of genes key to
cochlear development and function according to their temporal
and spatial patterns of expression, to decipher the molecular basis
of the regulation of their expression and associated gene regulatory
networks. We therefore analyzed the cochlear cell expression pat-
terns of 120 detected genes involved in isolated forms of deafness
and 75 detected key genes for cochlear development and function
(62) on P8, P12, and P20. We first applied a similarity matrix based
on the hierarchical clustering of cochlear cell types according to the
expression of these genes based on scRNAseq (P8, P12, and P20)
and snRNAseq (P8, OHC:s only) data (S7 Appendix, Fig. S10-1).
Cells of the same cell type but different ages clustered together,
except for osteocytes (for which P8 cells clustered separately from
P12 and P20 cells) and the various types of SCs, which were inter-
mingled. We then performed hierarchical clustering analysis on
these genes (see the y axis in Fig. 7 and see ST Appendix, Figs. S10-2
and S$10-3 for exhaustive clustering) and found that they formed
several major clusters. For example, many genes involved directly
or indirectly in HC mechanoelectrical transduction, including
those encoding the channel subunits Tmcl and Tmec2, the trans-
membrane proteins Tmie and Lhfpl5, the molecular motors Myo7a
and Myol5a, and the submembrane protein Ushlg, clustered
together in a single group of genes expressed only in HCs. However,
Ush ¢, which also encodes a mechanoelectrical transduction com-
ponent, harmonin, formed another cluster with other genes
expressed in HCs, all of which were also expressed in SCs. Similar
clustering was observed for Pcdh15, encoding the lower part of the
tip-link, which is also expressed in glial precursor cells. Genes
involved in a particular cochlear function involving several cell types
also clustered together. Examples include tectorin-o and tectorin-f
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(Zécta, Tectb), noncollagenous tectorial membrane proteins (Orol1)
(63), and proteins involved in the attachment of the OHC hair
bundle to this membrane, such as otogelin (Ozg) and otogelin-like
(Orogl), all of which are expressed in several types of SCs. Notably,
several genes displayed unexpected expression profiles as Myo6
which had a pleiotropic expression; Gjb2 that was expressed in the
SVB cells and the SS2 cells of the modiolus; and Oto/1 (Otolin-1)
that clustered with Orog, Orogl, and Tectb due to its expression in
all SC types. The 195 genes analyzed formed about 20 clusters of
genes, for which the role of transcription factors expressed by the
corresponding cells can now be explored.

Discussion

The transcriptomic atlas presented here provides a deep profiling

of cochlear cell types, highlighting the genes with the strongest
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differential expression at various time points in postnatal differen-
tiation. It also provides additional transcriptomic characterization
for cochlear cell types for which transcriptomic data to date were
not distinctive including various subcategories of SCs and glial
cells. It identifies additional specific markers improving the iden-
tification of poorly characterized cochlear cell types, such as the
cells of RM and the basal stria layer. Finally, it reveals previously
undescribed cochlear cell types. Two of these cell types localized
to the modiolus, a spongy bone structure, and had bone cell-like
transcriptomic profiles that nevertheless differed from those of
preosteoblasts, osteoblasts, and osteocytes. The third cell type—
SVB cells—is characterized by a unique transcriptomic signature
different from that of other cochlear cells, including fibrocytes
present in the same area of the cochlea. Based on scanning electron
microscopy and RNAscope studies, we propose that SVB cells may
maintain the structure of the thin RM during the vacuolization of
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cartilaginous shell cells, resulting in a tunneling of the scala vesti-
buli, with a small cluster of cells persisting at the base of RM at
later stages.

The molecular mechanisms underlying the establishment of the
tonotopic gradient in the biophysical characteristics of the basilar
membrane remain unknown. This is an issue of the utmost physio-
logical relevance, as it underlies passive frequency analysis by the
cochlea (52). This atlas provides insight into the postnatal establish-
ment of the tonotopic features of the basilar membrane, morpho-
logically characterized by radial collagenous fibers, which increase in
thickness and density, from the base to the apex, during maturation
(64). Based on the tonotopic gradient of Emilin2 expression, which
was paralleled by the gradients of type IV collagen expression, as
shown here at single-cell level by transcriptomic analysis in combi-
nation with RNAscope assays, we were able to establish a list of genes
with mRNA levels following a tonotopic gradient at single-cell level,
cither decreasing from the base to the apex of the cochlea as for
Emilin2, or decreasing from the apex to the base of the cochlea. Some
of the genes differentially and tonotopically expressed in the TBCs
encode proteins of the signaling pathways involved in the early pat-
terning of the otocyst, such as the Wnt pathway for patterning of
the dorsoventral axis (65), suggesting that they are also essential for
tonotopic patterning of the basilar membrane. Remarkably, some of
the 14 transcription factors following a tonotopic gradient of expres-
sion in TBCs had already been identified as encoded by genes respon-
sible for deafness in humans and/or mice. These genes include 75bx1,
which is involved in inner ear morphogenesis (66), Dachl in stria
vascularis development (67), Foxf2 and Zic2 in cochlear formation
and elongation (68, 69), and A7h8 encoding a bHLH transcription
factor. Our data showing that A#h8 is differentially expressed in the
TBCs during the postnatal period may provide clues to the basis of
the deafness of unknown origin in A7A8 mutant mice (70). Each
of these transcription factors provides a molecular entry point for
exploring the gene regulatory networks involved in establishing the
tonotopic properties of the basilar membrane.

This transcriptomic atlas will benefit auditory research by accel-
erating the identification of candidate target cell types in the various
genetic forms of deafness. It will also provide a highly valuable source
of information for the design of gene therapy agents and vectors for
preventing or curing deafness. Many genetic forms of deafness have
been studied by focusing on a particular cochlear cell type or group
of cell types thought to be sufficient to account for the auditory
phenotype. Our atlas, by pinpointing additional cochlear cell types
expressing some deafness genes, draws attention to their possible
involvement in auditory phenotypes, providing a potential explana-
tion for the partial or short-lived rescue observed in some preclinical
gene therapy trials performed on P0-P2 (71). This atlas provides a
glimpse of the efforts that will be needed to design vectors specifically
targeting certain combinations of cell types at appropriate time
points.

Previous major single-cell transcriptomic studies have focused
on the embryonic and postnatal prehearing periods up until P7
(15), particular cell types (17) or were based on a few thousand
cells (72). All but one of the proofs of concept for gene therapy
obtained in mice to date, the exception being that targeting otofer-
lin (4), were obtained exclusively for postnatal interventions per-
formed before P7. They therefore demonstrate the feasibility of

1. T.Koffler, K. Ushakov, K. B. Avraham, Genetics of hearing loss-Syndromic. Otolaryngol. Clin. North.
Am. 48,1041-1061(2015).

2. L Maldergem, G. Camp, P. Deltenre, "Hearing impairment” in Swaiman’s Pediatric Neurology:
Principles and Practice: Sixth Edition (Elsevier, 2017), pp. 43-51.

3. O.Akiletal, Restoration of hearing in the VGLUT3 knockout mouse using virally mediated gene
therapy. Neuron 75, 283-293 (2012).
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preventing hearing impairment in the immature cochlea. However,
it remains particularly challenging to cure hearing impairment
through interventions on the mature mouse cochlea (73, 74), an
essential step on the road to developing early postnatal gene ther-
apy interventions for the already-mature human cochlea. By show-
ing that some deafness genes have low levels of expression in some
cochlear cell types, increasing only in a given cochlear cell type at
a particular stage, this transcriptomic atlas should help to improve
the design of gene therapy agents and vectors. Furthermore, our
data suggest that the genes underlying genetic forms of deafness
may cluster together on the basis of the similarity of their expres-
sion patterns. The definition of about 20 clusters of genes by this
procedure should accelerate the adaptation of gene therapy agents
for a particular causal deafness gene to other genes from the same
group, by at least initially bypassing the need to develop promoters
and viral capsids.

In conclusion, the transcriptomic signatures of cochlear cell types
defined in our atlas will serve as a basis for deciphering the role of
causal or predisposing deafness genes and the associated normal and
pathogenic pathways. This atlas will be particularly useful for iden-
tifying overlooked candidate cochlear cells affected by particular
deficits in some monogenic forms of deafness. It will be also instru-
mental to deciphering the signaling pathways and gene regulatory
sequences and networks present in cochlear cells, for the develop-
ment of effective and safe gene therapy procedures.
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