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Abstract

Background: The cochlea is a specialized sensory organ essential for hearing. To elucidate
its cellular and molecular architecture and prioritize candidate genes associated with hear-
ing loss (HL), we constructed a cross-species single-cell transcriptomic atlas of human fetal
and postnatal mouse cochleae. Methods: We integrated single-cell and single-nucleus RNA
sequencing datasets from human fetal cochleae and postnatal mouse cochleae to build a
comprehensive cross-species single-cell transcriptomic atlas. Cell-type annotation, tran-
scriptional regulator analysis, intercellular communication, and disease phenotypes were
performed to dissect the cochlear cellular landscape, regulatory programs, and potential
HL gene candidates. Results: A total of 19 major cochlear cell types were identified in both
species, with conserved cellular composition and transcriptional programs. Comparative
analysis revealed strong transcriptional conservation between matched human and mouse
cell types, particularly in supporting, schwann cells and hair cells. Cell–cell communica-
tion analysis revealed conserved signaling pathways, including the BDNF-NTRK2 axis,
potentially involved in cochlear development and auditory function. Regulatory network
inference uncovered conserved and previously undercharacterized transcription factors,
such as SKOR1, RFX2, and PAX2, predicted to be associated with hair cell identity and
function. We further defined a conserved gene module of 3138 hair cell-enriched genes,
from which 24 candidate HL-associated genes (e.g., ATP8B1, BDNF, and SOD1) were prior-
itized through integration with human disease databases and mouse auditory phenotype
annotations. Conclusions: This study provides a high-resolution cross-species cochlear
atlas, revealing conserved molecular programs and candidate HL-associated genes, offering
valuable insights into auditory biology and potential avenues for further investigation.

Keywords: single-cell RNA sequencing; hearing loss; cross-species comparison;
transcriptional regulation

1. Introduction
Hearing plays a vital role in social communication, yet over 5% of the global pop-

ulation (or 430 million people) suffers from disabling hearing loss (HL) at present [1].
Therefore, elucidating the mechanism of hearing loss is essential for the treatment and
prevention of deafness [2]. The mammalian cochlea is a highly specialized sensory or-
gan responsible for converting sound waves into electrical signals, a process essential for
hearing [3]. This intricate function relies on the coordinated activity of numerous cell
types within the auditory sensory epithelium, known as the organ of Corti. This structure
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comprises mechanosensory hair cells (HCs) and a diverse array of supporting cells (SCs),
forming a highly heterogeneous and spatially organized tissue [4]. Damage to cochlear
HCs, caused by genetic mutations, environmental insults such as noise exposure or ototoxic
drugs, or progressive degeneration due to aging, is a leading cause of irreversible sen-
sorineural hearing loss [5]. Unlike non-mammalian vertebrates, mammals lack the capacity
to regenerate lost HCs, making hearing loss largely permanent once damage occurs [6–9].
Therefore, understanding the molecular underpinnings of cochlear development, cell type
specification, and tissue maintenance is essential for elucidating the mechanisms of auditory
dysfunction and for developing therapeutic strategies, including regenerative approaches
and gene therapies.

To achieve this, animal models, particularly the mouse, have been indispensable in au-
ditory research [10]. Owing to their genetic tractability, well-characterized developmental
timelines, and overall anatomical similarity to humans, mice have enabled the discovery of
essential molecular regulators of cochlear development. These include transcription factors,
such as Atoh1, Pou4f3, Barhl1, Rfx1, Rfx3, Insm1, Ikzf2, and Tbx2 [11–16], and signaling
pathways such as Notch, Wnt, and FGF [17–19], which govern HC differentiation and
cochlea patterning. However, while mouse models have provided invaluable insights,
important evolutionary differences remain. Variations in cochlear cell composition, devel-
opmental timing, and gene regulatory networks between humans and mice raise critical
questions about the translational applicability of murine findings to human biology [20].
Addressing these uncertainties requires a high-resolution, cross-species framework for
comparing cochlear development and cellular identity.

In recent years, the emergence of single-cell and single-nucleus RNA sequencing
(scRNA-seq and snRNA-seq) has enabled unprecedented profiling of cellular heterogene-
ity in complex tissues, including the inner ear [21]. Initial scRNA-seq studies in the
mouse cochlea revealed distinct populations of HCs and SCs, novel marker genes, and
lineage trajectories [22–24]. Subsequent efforts expanded to include other essential cochlear
and vestibular structures such as spiral ganglion neurons, the stria vascularis, and the
developing otic vesicle, leading to comprehensive cell atlases and deeper insights into
transcriptional programs governing auditory and vestibular function [25–29]. Despite
this progress, research on the human cochlea has lagged behind due to the difficulty of
accessing high-quality tissue samples, particularly from embryonic or fetal stages [30,31].
As a result, much of our current understanding of inner ear development remains derived
from animal models, and the extent to which these models faithfully recapitulate human
biology remains largely unresolved.

Adding to this complexity, more than 200 genes have been implicated in hereditary
hearing loss [32–34], yet their precise cell type-specific expression patterns within the
cochlea, as well as the degree of their evolutionary conservation across species, remain
partially defined. This knowledge gap impedes our ability to understand how genetic
mutations disrupt auditory function at the cellular level and presents a major obstacle
for designing effective, targeted interventions. A comprehensive, cross-species single-cell
transcriptomic comparison is therefore timely needed to identify conserved gene expres-
sion programs, clarify species-specific differences, and critically evaluate the translational
relevance of mouse models in the study of human hearing loss.

In this study, we systematically integrate and compare single-cell transcriptomic data
from human and mouse cochlea across key developmental stages. Through comprehensive
analyses of cell type composition, intercellular communication networks, transcription
factor regulatory landscapes, and expression patterns of HL-related genes, we aim to
identify conserved and species-specific features of cochlea biology. Our findings establish a
valuable cross-species resource and provide critical insights into the molecular mechanisms
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of hearing, with direct implications for understanding the genetic basis of hearing loss and
for guiding future therapeutic strategies.

2. Materials and Methods
2.1. Online Published scRNA-Seq/snRNA-Seq Data Collection

Single-cell and single-nucleus RNA sequencing (scRNA-seq and snRNA-seq) datasets
of mouse and human cochlea were obtained from publicly available repositories. For the
mouse, scRNA-seq data from postnatal day 8 (P8), P12, and P20 cochleae were retrieved
from the gEAR portal (https://umgear.org/) [29]. For human samples, snRNA-seq datasets
representing early developmental stages (fetal weeks 7.5 and 9.2) were downloaded from
the Gene Expression Omnibus (GEO; Accession ID: GSE213796 [31]), while mid-to-late
gestational cochlea scRNA-seq data (15, 17, and 23 weeks post-mortem) were obtained
from GSE135913 [35]. When investigating the expression patterns of HL-related genes
across different developmental stages of the mouse cochlea, we downloaded data from the
GDC database, covering the following stages: E14, E18, P1, P8, P14, P20, P28, M1, M2, M5,
M12, and M15 [33].

2.2. Ortholog Gene Selection

To enable cross-species transcriptional comparison between humans and mice, we
download homologous gene lists from Ensemble BioMart (release 114) [36]. In BioMart, we
selected the “Ensembl Genes” database and filtered for one-to-one orthologous gene pairs
between Homo sapiens and Mus musculus. Genes with ambiguous mappings (e.g., one-to-
many or many-to-many orthologs) were excluded. The resulting list of high-confidence
one-to-one orthologs was used for subsequent integrative analyses between the two species.

2.3. Single-Cell Transcriptomic Data Analysis and Integration

All scRNA-seq analyses were performed using the Seurat package [37] (v5.1.0) in
R (v4.3.2). The matrix of read-count data of each cell for each gene was loaded indi-
vidually and converted to Seurat objects. To obtain high-quality cells, only cells with
more than 200 genes and less than 8000 genes were detected, and less than 20% mito-
chondrial genes were used for subsequent analysis. The quality-controlled datasets were
merged and integrated using canonical correlation analysis (CCA) integration through the
IntegrateLayers function. This involved normalizing each dataset independently using
Log-transformation with a scale factor of 10,000, identifying 2000 variable features per
dataset by the variance stabilizing transform (vst) method, and selecting highly variable
genes across datasets for integration. Integration anchors were computed and used to
create an integrated dataset. Post-integration processing included data scaling with re-
gression of RNA counts and principal component analysis (PCA). The first 30 PC were
used for nonlinear dimensionality reduction using Uniform Manifold Approximation and
Projection (UMAP). Clustering was performed using the “FindNeighbors” followed by the
“FindClusters” functions. Each cell type was defined with the marker genes reported in
previously published literature [29,31,38].

To quantitatively evaluate the effectiveness of data integration across different plat-
forms and species, we applied the Local Inverse Simpson’s Index (LISI) [39] to the integrated
dataset. The iLISI scores (Supplementary Figure S1A), which assess batch mixing, were
consistently greater than 1 across datasets, indicating effective integration of cells from
different sources. In contrast, cLISI scores (Supplementary Figure S1B), which measure
cell type separation, were tightly centered around 1 for all cell populations. This indicates
that cells of the same type remained well-clustered after integration, demonstrating that
biological identity was preserved.
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2.4. scRNA-Seq Differential Gene Expression and Enrichment Analysis

To identify signature genes of each cell types, functions “FindAllMarkers” (min.pct = 0.25,
logfc.threshold = 0.25) and “FindMarkers” in Seurat were used. The function “FindMarkers”
was used for identification of signature genes by comparing the cell type of interest to
another specific group of cells. To elucidate the distinct expression profiles of the identified
genes at the single-cell level, the “scRNAtoolVis” package (available at https://github.com/
junjunlab/scRNAtoolVis, accessed on 21 March 2025) was utilized, providing a graphical
interface that enabled precise and clear visualization of gene expression patterns. The
“clusterProfiler” package [40] (v4.9.5) was utilized to conduct Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis. GO or KEGG enrichment
level was evaluated by adjusted p-values, and multiple test adjustment was conducted using
the Benjamini–Hochberg (BH) method. Spearman’s correlation analysis was performed
using R software.

2.5. Cell–Cell Communication Analysis

Cell–cell communication analysis based on the expression of known ligand–receptor
pairs in different cell types was performed using the CellChat R package (v2.2.0) [41]. To
ensure cross-species comparability, only one-to-one orthologous gene pairs between human
and mice were retained, and cell annotation information and raw count expression matrix
were exported from Seurat. CellChat objects for human and mouse samples were separately
created, with comparative analysis introduced to uncover key ligand–receptor pairs and
signaling pathways between two groups and to detect and visualize cell-state-specific cell–
cell interactions. The signaling information were obtained from ligand–receptor databases
(CellChatDB.human and CellChatDB.mouse). Following the official procedure, the stan-
dardized counts were inputted into CellChat, and standard preprocessing steps were
performed, including functions with standard parameter settings, such as identifyOver-
ExpressedGenes, identifyOverExpressedInteractions, and projectData. Subsequently, the
computeCommunProb, computeCommunProbPathway, and aggregateNet functions were
employed to calculate the strength of information flow and communication probability
between different cell groups for each ligand–receptor pair. The visualization methods
utilized include netVisual_circle, netVisual_bubble, netVisual_aggregate (with the layout
set to circle), and plotGeneExpression.

2.6. Single-Cell Transcription Factor Analysis

We used the SCENIC R package [42] (v1.2.4) to infer transcription factor regulatory
networks from human and mouse samples. We followed the official SCENIC guidelines
and default parameters to standardize the analysis process. The SCENIC analysis consisted
of four main steps. In the first step, the grnboost2 algorithm was employed to identify
and filter genes co-expressed with transcription factors (TFs). The second step involved
using RcisTarget (v1.26.0) to find significantly expressed target genes, then performing
a significant motif enrichment analysis for each co-expressed module. In the third step,
the regulon activity score is calculated to quantify the activity of regulons in each cell.
Each regulon represents a TF along with its direct target genes. Finally, for each cell
subpopulation, the key regulons with high RSSs are predicted by an entropy-based strategy.
RSS represents the activity of regulons in cell subpopulations. Cytoscape (v3.5.1) [43]
was used to portray the regulatory network connecting transcription factors and their
target genes.
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2.7. Conserved Gene Expression Programs Identification

A gene was considered expressed in a species if it was detected with a UMI count ≥1
in at least one hair cell in that species. We intersected the lists of expressed genes from
human and mouse hair cells and identified a total of 12,043 commonly expressed genes for
subsequent analysis. For each species, we calculated the average expression of each gene
across all hair cells. To compute the percentile values of genes in hair cells, we ranked the
12,043 shared genes by their average expression levels from low to high, and then divided
the rank of each gene by the total number of genes. Using this approach, we generated
a percentile matrix for hair cells in both human and mouse. Hierarchical clustering was
then applied to the percentile matrix to identify gene clusters with conserved expression
patterns. The clustered genes were ranked by average percentile values, and the top two
clusters were selected as representative conserved gene expression programs enriched in
cochlear hair cells.

3. Results
3.1. Generation of Single-Cell Atlas of Human and Mouse Cochlea

To comprehensively characterize the cochlea cellular landscape across different devel-
opmental stages, we retrieved snRNA-seq and scRNA-seq datasets of human and mouse
samples from public repositories. For human samples, we retrieved otic tissues at five
distinct developmental stages, including fetal week (FW) 7.5, FW9.2, FW15, FW17, and
FW23. In parallel, we analyzed mouse cochlea tissues at postnatal day 8 (P8), P12, and P20,
corresponding to key stages of postnatal maturation (Figure 1A). The details of the three
datasets enrolled in this study are listed in Supplementary Table S1. After quality control
and filtering, high-confidence one-to-one orthologous genes were selected for subsequent
integration analysis across the two species. Dimensionality reduction was performed using
PCA followed by UMAP. We identified distinct cell populations, including mesenchymal
cells, various epithelial cell types, hair cells, neurons, glial cells, endothelial cells, Schwann
cells, immune cells, marginal cells, and melanocytes, totaling 19 major cell types (Figure 1B).
The primary marker genes used for the annotation of each cell type are listed in Figure 1C.

To further delineate the molecular characteristics of each cell type, we applied the Find-
AllMarkers function to identify cell type-specific marker genes across the different clusters.
The top 50 differentially expressed genes (DEGs) in each cluster are listed in Supplementary
Table S2. For instance, RPL28, EGFL7, ERMN, OTOF, IGF1, GPNMB, NRXN1, MPZ, and
EPCAM were the most significant DEG in chondrocytes, endothelial cells, glial cells, hair
cells, marginal cells, melanocytes, neurons, schwann cells and supporting cells based on
adjusted p-value. Subsequently, we employed the jjvolcano function from the scRNAtoolVis
package to visualize the marker genes, emphasizing the top two most significantly upreg-
ulated and downregulated genes for each cell subtype (Figure 1D). Through functional
enrichment analysis of the top 50 marker genes for each cell type, we mapped the distinct
biological functions associated with different cell populations (Figure 1E). For example,
mechanoreceptor differentiation was enriched in hair cells, the ensheathment of neurons
was associated with neurons, regulation of ion transport was linked to marginal cells, and
vasculogenesis was enriched in cochlea endothelial cells, among others. These functional
enrichments highlight biological processes crucial for auditory function. Dysregulation in
these functions may underlie sensorineural hearing loss.
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Figure 1. Generation of the human and mouse inner ear single-cell atlas. (A) Comprehensive study
design for the integration of publicly available scRNA-seq/snRNA-seq datasets from human and
mouse cochlea. The inset figures in the diagram were created using Biorender.com. (B) UMAP plot
of the integrated human and mouse inner ear datasets with cell type annotations. (C) Expression
of canonical cell type-specific marker genes for different cell types. (D) Volcano plot showing the
differential expression of markers in the distinct cell types. Significantly upregulated genes are colored
in red, and significantly downregulated genes are colored in blue, Differential expression significance
was determined using a threshold of p-value < 0.01 and |avg_log2FC| > 1. (E) Left: heatmap
showing row z-score expression signatures of top 50 cell type-specific genes. Right: representative
Gene Ontology (GO) terms for top 50 genes.

3.2. Similarities Between Human and Mouse Cochlea

To better understand the developmental similarities and differences between human
and mouse cochlea cells, we performed a comparative analysis using high-confidence
one-to-one orthologous genes to evaluate cell type composition across species. Overall, the
human dataset exhibited a cellular architecture highly similar to that of the mouse cochlea.
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We identified comparable populations of mesenchymal, chondral, epithelial, neural crest-
derived, and developing hair cells in both species (Figure 2A,B). In the early developmental
stages of the human cochlea, chondrocytes and a large cluster of periotic mesenchyme
(POM) cells were predominant. Notably, chondrocytes were mainly detected in FW7.5
inner ear samples, where the otic vesicle was not dissected during sample preparation [31].
The epithelial compartment of the human cochlea showed remarkable similarity to that
of the mouse [22,44], with distinct cell clusters corresponding to key epithelial subtypes.
Specifically, we identified populations that matched marginal cells, hair cells of the organ
of Corti, and various types of supporting cells. In mouse, mature supporting cells and hair
cells gradually emerged between P8 and P20, consistent with the known timeline for the
onset of auditory function (Supplementary Figure S2). Despite differences in developmental
timing and technical limitations in capturing human cochlea samples, we did not observe
major discrepancies in the transcriptional lineage between mouse and human cochleae.

Figure 2. Alignment and comparison of human and mouse datasets. (A) UMAP plot of the integrated
human inner ear datasets with cell type annotations. (B) UMAP plot of the integrated mouse inner ear
datasets with cell type annotations. (C) Spearman correlation matrix of inner ear cell transcriptomes
between human and mouse. Distinct correlation patterns were observed among different cell types.
(D) The distribution of the 201 HL genes in different developmental stages of the human and mouse
cochlea. The left heatmap compares the expression profiles of these genes in human and mouse. The
right panels summarize the GO terms, providing insights into the biological functions associated
with each cluster.
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To evaluate transcriptomic conservation between species, we calculated a Spearman
correlation matrix based on matched inner ear cell types from humans and mice. Inter-
estingly, different cell types exhibited varying degrees of cross-species correlation. Hair
cells showed moderate correlation (R2 = 0.57), whereas supporting cells displayed a higher
correlation (R2 = 0.71), suggesting that certain cell types maintain more conserved transcrip-
tional programs across evolution (Figure 2C). We further compared the expression patterns
of 201 published HL-related genes between humans and mice [33]. By analyzing gene
expression across different developmental stages, we clustered the 201 HL genes into six
distinct groups. We further highlighted the top 25 genes frequently diagnosed in Chinese
Deafness Genetics Consortium (CDGC) patients. Among them, SLC26A4, TECTA, CHD7,
EYA1 and USH2A exhibited high expression during FW7.5 and FW9.2 in human embryonic
stage, suggesting their involvement in early inner ear development. In contrast, genes such
as PAX3, POU3F4, MYO7A, and MITF were predominantly expressed postnatally in mouse,
implying a role in maintaining hearing function during aging (Figure 2D). Regarding cell
type-specific expression, several genes, including USH1G, USH2A, CDH23, OTOF, TMC1,
LOXHD1, LHFPL5, and MYO7A, showed enriched expression in hair cells, highlighting
their essential roles in inner ear development. Genes primarily expressed in supporting
cells, such as GJB2, ILDR1, and SLC26A4, are crucial for the maintenance of auditory func-
tion. Other genes, including ACTG1, POU3F4, and SOX10, were expressed across various
other cell types, indicating broader biological functions (Supplementary Figure S3).

To further assess the robustness of cross-species comparisons, we expanded the mouse
dataset by incorporating additional developmental stages (E14, E18, and P1) [33], thereby
covering a broader window from embryonic development to early postnatal maturation.
After integration with the human datasets, the overall cellular landscape remained largely
consistent, with major cochlear cell types clearly resolved and well aligned across species
(Supplementary Figure S4A,B). Differential expression analysis also identified similar sets
of cell type-specific marker genes, suggesting that the molecular identities of major cell
populations are stable across the extended developmental range (Supplementary Figure
S4C). Cross-species correlation analysis further demonstrated that the global transcriptional
relationships between corresponding cell types were largely preserved (Supplementary
Figure S4D). While modest variations in correlation strength were observed, for example,
a slight increase in correlations among hair cells and a mild decrease among supporting
cells, these differences may reflect changes in cell composition and developmental stage
distribution after including additional samples. Overall, these results indicate that our
cross-species comparisons still maintain a certain level of reliability even when more
developmental stages are included.

3.3. Estimation of Cell–Cell Communication in Human and Mouse Cochlea

To identify conserved and species-specific cell–cell communication patterns between
human and mouse cochleae, we employed the CellChat R package to construct ligand–
receptor-mediated signaling networks for each species. This analysis revealed extensive
and dynamic intercellular communication networks within the cochlea. Overall, the
topology of the signaling network among cell sources was highly similar between the
two species. In terms of interaction strength between cell populations, endothelial cells,
periotic mesenchyme (POM) cells, and Schwann cells emerged as major contributors
to the communication network in both human and mouse cochlea, underscoring their
key roles in mediating coordination within cochlear tissues (Figure 3A). Further analysis
of the number of signaling pathways indicated that in the human cochlea, endothelial
cells, neurons, Schwann cells, and supporting cells exhibited higher levels of total sig-
naling activity, indicating their dominant roles in cochlea communication networks. In
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contrast, mouse cochlear endothelial cells and neurons demonstrated reduced signaling
activity, particularly marginal cells, which may be attributable to differences in cell abun-
dance or the developmental stage. Notably, COLLAGEN, MK, PTN, LAMININ, NCAM,
and SPP1 were overall highly expressed signaling pathways in both species, many of
which have been implicated in extracellular matrix organization, neural connectivity,
and tissue integrity, processes closely tied to auditory function and hearing preservation
(Figures 3B and S5).

Moreover, to identify the key incoming and outgoing signals associated with cochlea
cell subpopulations, the ligand receptor network was quantitatively measured using
CellChat to predict its key incoming and outgoing signals by utilizing pattern recognition
approaches. For example, in human and mouse cochlea, each type of cell could be the
secreting cell (signaling senders), which could release different cytokines or ligands, and
each cell type could also be the targeting cells (signaling receivers) when the receptors
on these cells are targeted by the ligands released from the same types of cells or other
cells. The ligand–receptor-mediated communications among different cell types should
contribute to the development of cochlea. Our analysis revealed that diverse cochlear
cell types, such as endothelial cells, glial cells, neurons, and supporting cells, exhibit
distinct signaling roles across species. These directional interactions likely contribute
to the establishment and maintenance of cochlear architecture and function (Figure 3C).
Given the critical role of hair cells in auditory transduction [45], we further investigated
ligand–receptor pairs mediating interactions between hair cells and other cochlear cell
types. In the human cochlea, the NRXN3-NLGN1 pathway (Commun. Prob. = 0.16)
was predominant in communication between hair cells and both Schwann cells and
transitional cells, whereas the CADM1-CADM1 pathway (Commun. Prob. = 0.13) was
primarily involved in interactions between hair cells and neurons. In contrast, the mouse
cochlea exhibited prominent activity of the Psap-Gpr37 pathway (Commun. Prob. = 0.19),
which mediated interactions between hair cells and glial cells as well as melanocytes,
suggesting a potential role in cochlear homeostasis and neuroprotection through glia-
associated signaling. Notably, the BDNF-NTRK2 (Human. Commun. Prob. = 0.10, Mouse.
Commun. Prob. = 0.21) pathway showed significant activity in mediating interactions
between hair cells and spiral ganglion neurons in both species, consistent with findings
reported by Ma et al. [46], as well as highlighting a conserved neurotrophic signaling
mechanism during cochlear development (Supplementary Figure S6 and Supplementary
Table S3). These results underscore the significance of potential ligand–receptor networks,
particularly the BDNF-NTRK2 (Bdnf-Ntrk2) communication pathways, which may play a
crucial role in maintaining auditory function.
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Figure 3. Cell–cell communication in human and mouse cochlea. (A) Circle plots displaying putative
ligand–receptor interactions, with the width of edges representing the strength of the communication.
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Cell type was represented by colored node, of which the size was directly proportional to sum of
receptor–ligand pairs between this node and all other nodes. (B) Heatmap showing the summary
of the signaling pathways that contribute to overall (outgoing and incoming) communication. The
color bar represents the relative signaling strength of a signaling pathway across cell types. The bars
indicate the sum of the signaling strength of each cell type or pathway. (C) The dot plot showing the
outgoing signaling patterns of secreting cells and incoming signaling patterns of targeting cells in
human and mouse cochlea. The dot size is proportional to the contribution score computed from
pattern recognition analysis. A higher contribution score implies the signaling pathway is more
enriched in the corresponding cell group. The color of the dots represents different cell types.

3.4. Conservation of Hair Cell Regulomes in Human and Mouse Cochlea

Given that transcriptional dysregulation of hair cell development and function is a
major cause of hearing loss, we systematically investigated key transcriptional regulators
in cochlear hair cells of both humans and mice using the SCENIC R package [42]. This
analysis revealed 2771 transcription factor (TF)–target gene interactions in human hair cells
and 4439 such interactions in mouse hair cells (Supplementary Table S4). The regulators
that were specific to the identified cells were arranged from large to small according to the
regulon specificity score (RSS). In the human hair cells, the top five TFs included SKOR1,
RFX2, PAX2, and SOX5, while in the mouse hair cells, Pou4f3, Zmiz1, and Srebf2 were
among the most specific (Figure 4A). Several well-established transcription factors involved
in cochlear hair cell development, including POU4F3, ATOH1, and BARHL1, were also
identified, supporting the validity of the SCENIC-based inference. Notably, our analysis
highlighted several previously undercharacterized transcription factors, such as SKOR1,
RFX2, and PAX2, as putative regulators whose regulons are enriched in hair cells and are
predicted to be associated with hair cell identity and function. These predictions suggest
that these TFs may participate in transcriptional programs relevant to hair cell development
and maintenance, although functional validation will be required to confirm their regulatory
roles. Moreover, in addition to the POU4F3 gene, SKOR1 also shows a strong specific
expression in hair cells (Supplementary Figure S7). We further constructed TF-target
gene regulatory networks, illustrating the connections between top-ranked TFs and their
predicted downstream targets. These networks illustrated not only direct regulatory
relationships but also potential co-regulation of targets by multiple TFs, suggesting a
convergence of transcriptional control (Figure 4B).

To investigate the functional roles of these TFs, we performed GO and KEGG en-
richment analyses on their predicted target genes. GO analysis suggested that Pou4f3
target genes were associated with cilium organization and inner ear development, whereas
SKOR1 target genes were enriched in terms such as regulation of neuron projection devel-
opment and synapse organization (Figure 4C). KEGG pathway analysis further revealed
the involvement of these TFs in key biological pathways, including the cAMP signaling
pathway, calcium signaling pathway, and axon guidance (Figure 4D). Overall, our study
systematically identified conserved regulators for hair cells in human and mouse cochlea,
including both well-recognized and previously undercharacterized regulators.
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Figure 4. TFs showing regulon activities in hair cells. (A) Regulon specificity score in hair cells with
top 5 specific TFs labeled. (B) Genetic regulatory network constructed by specific TFs and predicted
target genes in hair cells across human and mouse cochlea. Orange nodes represent the regulators,
and light blue nodes represent corresponding target genes. Edge width is proportional to weight
of regulation. For nodes with a large number of TF-target genes, the top 30 genes with the largest
weight values are presented. (C) GO enrichment related to cellular functions of predicted target
genes of top 5 TFs in hair cells. The top 3 enriched GO terms for each TF were selected for display.
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Dot color represents significance level of enrichment analysis and dot size is count of target genes
classified in GO terms. (D) KEGG enrichment of predicted target genes of top 5 TFs in hair cells. The
top 3 enriched pathways for each TF were selected for display. Dot color represents significance level
of enrichment analysis and dot size is count of target genes classified in pathways. p-values were
calculated using hypergeometric test.

3.5. Identification of Conserved Gene Modules and Candidate HL-Associated Genes in Cochlear
Hair Cells

To investigate the conserved molecular signatures of hair cells across species, we
identified orthologous genes with consistent expression patterns in cochlear hair cells
from both humans and mice. In brief, we selected 12,043 genes that were detectably
expressed in hair cells of both species and performed hierarchical clustering analysis.
Among these, clusters 1 and 2 comprising 3138 genes (Figure 5A and Supplementary Table
S5) exhibited conserved expression profiles across humans and mice and were therefore
defined as the core conserved gene expression program of hair cells. Notably, the conserved
modules included many well-known hair cell markers, such as ESPN, MYO6, OTOF, PCP4,
and POU4F3, supporting the biological validity of our approach. To further explore the
functional relevance of these conserved genes, we performed GO enrichment analysis on the
top 100 genes with the highest expression percentages within the conserved modules. The
results revealed strong enrichment in processes essential for hair cell identity and function,
including cytoplasmic translation, sensory perception of sound, inner ear development,
and hair cell differentiation (Figure 5B and Supplementary Table S6). We also examined the
expression distribution of several top-ranking conserved genes (CXCL14, NRXN3, XIRP2,
CD164L2, ELMOD1 and SMPX) across cochlear cell types. Among these, SMPX is a known
HL-related gene [30], while the others showed highly specific expression in hair cells,
suggesting their potential as novel hair cell marker genes (Figure 5C).

To assess whether genes in the conserved modules may be involved in HL, we first
removed known deafness genes cataloged in HHL (https://hereditaryhearingloss.org/),
DVD [32], and GDC [33] databases. The remaining genes were then filtered based on
two criteria: (1) evidence of hearing-related phenotypes in mouse (MGI database [47]),
and (2) association with hearing loss in human disease-related databases, including Dis-
GeNET [48], GenCC [49], Orphanet [50], PanelApp [51], OMIM [52], Genetic Testing
Registry (GTR) [53], and HPO [54]. This analysis yielded 24 candidate HL-associated genes
(Figure 5D and Supplementary Table S5), which have not been previously established as
causal HL genes in humans but are supported by hearing-related phenotypes in mouse
models and disease associations in human databases. GO enrichment analysis of these
24 genes revealed that ATP8B1, HEXA, NIPBL, and SOD1 are involved in functions such as
sensory perception of sound and mechanical stimulus, highlighting their potential roles in
hearing (Supplementary Figure S8). Previous studies have reported that ATP8B1 deficiency
leads to progressive degeneration of cochlear hair cells and hearing loss [55], while SOD1
has been implicated in age-related and noise-induced hearing loss [56]. Moreover, temporal
expression analysis showed that most of these genes are highly expressed during early
cochlear developmental stages in both species, suggesting critical roles in early inner ear
development (Figure 5E). Together, these findings define a conserved transcriptional pro-
gram underlying hair cell identity and reveal a set of candidate genes that may contribute
to the pathogenesis of hearing loss across mammals.
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Figure 5. Conserved core expression programs in hair cells. (A) Heatmap showing clustering of
orthologs in hair cells across human and mouse, with cluster index displayed on left. Each row
represents one ortholog and each column represents one species. Colors represent expression levels
of orthologs. (B) Bar plot showing significantly enriched GO terms in the set of conserved hair cell
orthologs (Biological Process category). Bars represent the number of genes associated with each GO
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term (left y-axis), while the green dot indicates the statistical significance as −log10(p-value) (right
y-axis). (C) Violin plots showing expression levels of selected conserved hair cell genes in different
cochlear cell types for both human (left) and mouse (right). (D) The Venn diagram shows the
screening process of 24 candidate HL-associated genes. Explanation: Conserved genes refer to
conserved gene expression modules in hair cells, totaling 3138 genes. Human HL genes were
curated from three major databases—HHL, DVD, and GDC—all of which include genes implicated
in hereditary hearing loss in humans. Mouse HL genes were obtained from the MGI database,
where genes linked to abnormal hearing phenotypes in mouse models were included. Candidate
HL genes refer to HL-related genes identified through diseases databases, which may not yet have
direct functional validation in HL. (E) The heatmap shows the expression distribution of 24 candidate
HL-associated genes in different developmental stages of the human and mouse cochlea.

3.6. An Atlas of Hearing Loss Gene Expression During Cochlear Development

To investigate the spatiotemporal expression patterns of HL-associated genes in the
cochlea, we analyzed transcriptomic data across different developmental stages of the
mouse cochlea, due to the limited availability of temporally resolved human cochlear
samples. A total of 302 HL-related genes were curated from the HHL, DVD [32], and
GDC [33] databases, as well as from the GWAS catalog for age-related hearing loss (ARHL)
(https://www.ebi.ac.uk/gwas/, accessed on 16 May 2025) (Supplementary Table S7).
Notably, some of these genes have not yet been extensively studied in the inner ear.

The average expression levels of these HL genes across developmental stages and
cochlear cell types are shown in Figure 6. Most HL genes exhibited higher expression levels
postnatally. For instance, genes such as Atoh1, Eya4, Gjb3, Kcnq1, Mitf, Pou4f3, and Whrn
implying potential roles in maintaining auditory function during aging. In contrast, Actg1,
Clrn1, Eral1, and Sox10 were highly expressed during embryonic stages, suggesting roles in
early inner ear development. Although ARHL-associated genes identified by GWAS show
dynamic expression patterns across developmental stages, most also exhibit a postnatal
upregulation trend, such as Acvr1b, Cntnap2, Isg20, Sfi1, and Sv2b. This may reflect their
roles in maintaining the function and homeostasis of mature auditory cells rather than
in early development. As the cochlea continues to mature after birth, especially around
the onset of hearing, these genes likely become more active to support auditory signaling
and protect against age-related stress, highlighting their potential involvement in ARHL
when dysregulated.

In terms of cell type specificity, most HL genes were enriched in hair cells and sup-
porting cells, consistent with previous findings. For example, Myo6, Myo7a, Myo3a, Cdh23,
Pcdh15, Gipc3, Espn, Otof, Ush2a, and Cib2 were predominantly expressed in hair cells.
Acvr1b, Atp1a3, Map1b, and Spata5l1 were predominantly expressed in Spiral ganglion
neuron. Gjb2, Elmod3 and Otog exhibited highest expression in inner phalangeal cells or
inner border cells. Other genes such as Actg1, Aifm1, Pou3f4, Myh14, Snai2, Sox10, and Tbx1
were broadly expressed across multiple cochlear cell types, suggesting diverse functional
roles in cochlear development and maintenance.
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Figure 6. Localization of hearing loss genes. Heatmaps illustrating the expression distribution of hear-
ing loss genes across different developmental stages and cell types in the mouse cochlea. Abbreviations:
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HL, Hearing loss; ARHL, Age-related hearing loss; E14: Embryonic day 14; P01: Postnatal day 1;
M01: 1 month old; HC, Hair cell; SGN, Spiral ganglion neuron; SC, Schwann cell; SGC, Satellite
glial cell; CEC, Capillary endothelial cell; SMC, Smooth muscle cell; BaC, Basal cell; TBC, Tympanic
border cell; IC, Intermediate cell; CC, Chondrocyte; DC_PC, Deiter cell and pillar cell; IPhC_IBC,
Inner phalangeal cell/inner border cell; MC, Marginal cell; RMC, cells in Reissner’s membrane.

4. Discussion
In this study, we present a comprehensive single-cell transcriptomic atlas of the

human and mouse cochlea across multiple developmental stages, revealing the cellular,
transcriptional, and signaling landscapes that underlie auditory function. Notably, we
identified a conserved gene module comprising 3138 genes specifically expressed in hair
cells of both species. By integrating data from HL-associated databases and known mouse
auditory phenotypes, we have screened out 24 candidate genes potentially associated with
HL. These findings provide novel insights into the molecular basis of sensorineural hearing
loss and highlight conserved regulatory programs in cochlear hair cells. Additionally, we
mapped the expression trajectories of 302 HL-associated genes, revealing their dynamic
and cell type-specific expression during cochlear maturation, particularly highlighting the
postnatal upregulation of age-related hearing loss genes, which may reflect their roles in
auditory function preservation during aging.

Importantly, Our SCENIC-based regulome analysis uncovered previously underchar-
acterized transcription factors, such as SKOR1, RFX2, and PAX2, which exhibited strong
hair cell-specific activity in human cochlea. Notably, previous studies have demonstrated
that these transcription factors are abundantly expressed in hair cells, supporting their
potential functional significance [57–59]. The conserved activity of these transcription
factors, and their association with pathways such as axon guidance and synapse orga-
nization, underscores the complex and coordinated regulation of sensory transduction
machinery in the inner ear. These previously undercharacterized regulators may represent
candidates for future functional studies, which could explore their roles in gene therapy or
reprogramming approaches for auditory restoration.

Furthermore, our analysis of ligand–receptor interactions revealed conserved com-
munication pathways, such as BDNF-NTRK2 signaling between HCs and spiral ganglion
neurons, a pathway previously implicated in neurotrophic support of auditory neurons [45].
Interestingly, species-specific signaling interactions also emerged—for example, the Psap-
Gpr37 axis in mouse cochlea—suggesting species-dependent roles in glial-neuronal commu-
nication. These findings highlight the complexity of cochlear signaling microenvironments
and provide a framework for exploring cellular crosstalk in both normal development and
disease contexts.

Our findings reinforce and expand upon prior work demonstrating conserved ep-
ithelial and neural crest-derived lineages in the cochlea [60–62]. The strong cross-species
transcriptional correlations observed in supporting cells (R2 = 0.71), hair cells (R2 = 0.57),
and other cochlear cell types validate the utility of mouse models in auditory research.
Furthermore, the conserved expression of many HL-related genes, including OTOF, MYO6,
POU4F3, and GJB2, supports previous observations of shared genetic risk factors for
hereditary hearing loss. Notably, our results add value by identifying developmental
timing differences in gene expression (e.g., SLC26A4, EYA1, and POU3F4) between human
and mouse cochlea, which may help explain species-specific differences in phenotypic
manifestations of deafness.

Despite the strengths of this study, several limitations should be acknowledged. First,
the number of available human cochlear samples remains limited, and the temporal resolu-
tion across developmental stages is relatively low. In addition, inner and outer hair cells
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were analyzed jointly due to limited cell numbers, which restricts our ability to perform
a comprehensive comparison of late-stage hair cell maturation between species. Second,
although we integrated datasets from multiple high-confidence public resources, batch
effects and technical variability across studies may still influence the observed clustering
patterns and gene expression profiles. Additionally, the functional roles of the newly
identified candidate genes and regulatory networks remain to be experimentally validated.
Therefore, their precise contributions to auditory development and hearing loss should be
interpreted with caution. Integration of spatial transcriptomics and epigenomic data in
future studies could further enhance the understanding of cell type interactions and gene
regulation within the cochlea [63,64].

5. Conclusions
In conclusion, our cross-species single-cell atlas defines conserved cellular and molecu-

lar programs of cochlear development and identifies candidate genes and regulatory factors
associated with hearing loss. These findings not only validate the translational value of
mouse models in auditory research but also emphasize the importance of human-specific
analyses for understanding the genetic basis of hearing loss. Overall, this work has pro-
moted our understanding of auditory biology and lay the foundation for future diagnostic
and therapeutic efforts targeting hearing disorders.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/genes17040438/s1, Figure S1: Quantitative assessment of data
integration using LISI metrics; Figure S2: UMAP plots showing the cochlea cell distribution from
various ages in humans and mouse.; Figure S3: The expression distribution of the 201 HL genes
in different cell types of the human and mouse cochlea; Figure S4: Generation of the human and
mouse inner ear single-cell atlas; Figure S5: cell-cell communication in human and mouse cochlea
as analyzed by CellChat program; Figure S6: cell-cell communication in human and mouse cochlea;
Figure S7: Expression of TF genes for different cell types; Figure S8: Gene ontology (GO) enrichment
analysis. Table S1: Overview of the datasets in the current study; Table S2: The top 50 DEGs in each
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12,043 candidate genes; Table S6: GO term enrichment of hair cell conserved core expression program;
Table S7: The annotation information of HL gene.

Author Contributions: Conceptualization, methodology, data curation, formal analysis, writing—
original draft, visualization, H.C.; writing—review and editing, funding acquisition, F.A. and W.H.;
project administration, supervision, funding acquisition, F.B. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was financially supported by grants from the National Natural Science
Foundation of China (No. 82471889, No. 82202046, and No. 82171836), the Science and Technology
Department of Sichuan Province (No. 2026NSFSC1769, and No. 2024NSFSC1768), National Key
Research and Development Program of China (No. 2024YFC3405704), and the 1·3·5 Project for
Disciplines of Excellence, West China Hospital, Sichuan University (ZYJC20002).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: This study involved the analysis of publicly available datasets, which
can be accessed through the following links: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE213796 (accessed on 28 December 2024), https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE135913 (accessed on 6 January 2025), and the gEAR Portal (https://umgear.org/) in the
datasets “scRNA-seq-P8, P12, P20 mouse cochleae [29] (accessed on 15 January 2025)”.

https://doi.org/10.3390/genes17040438

https://www.mdpi.com/article/10.3390/genes17040438/s1
https://www.mdpi.com/article/10.3390/genes17040438/s1
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE213796
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE213796
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE135913
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE135913
https://umgear.org/
https://doi.org/10.3390/genes17040438


Genes 2026, 17, 438 19 of 21

Acknowledgments: The authors gratefully acknowledge the National Supercomputing Center in
Chengdu for providing computational resources and support for this research.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Chadha, S.; Kamenov, K.; Cieza, A. The world report on hearing, 2021. Bull. World Health Organ. 2021, 99, 242–242A. [CrossRef]

[PubMed]
2. Müller, U.; Barr-Gillespie, P.G. New treatment options for hearing loss. Nat. Rev. Drug Discov. 2015, 14, 346–365. [CrossRef]
3. Kelly, M.C.; Chen, P. Development of form and function in the mammalian cochlea. Curr. Opin. Neurobiol. 2009, 19, 395–401.

[CrossRef] [PubMed]
4. Wu, D.K.; Kelley, M.W. Molecular mechanisms of inner ear development. Cold Spring Harb. Perspect. Biol. 2012, 4, a008409.

[CrossRef] [PubMed]
5. Bing, X.; Liu, C.; Cao, X.; Li, C.; Gao, X.; Zhu, F.; Wu, X.; Guo, N.; Hu, H.; Xia, M.; et al. Development of the inner ear and

regeneration of hair cells after hearing impairment. Fundam. Res. 2025, 5, 203–214. [CrossRef]
6. Jongkamonwiwat, N.; Zine, A.; Rivolta, M.N. Stem cell based therapy in the inner ear: Appropriate donor cell types and routes

for transplantation. Curr. Drug Targets 2010, 11, 888–897. [CrossRef]
7. Holmgren, M.; Sheets, L. Using the Zebrafish Lateral Line to Understand the Roles of Mitochondria in Sensorineural Hearing

Loss. Front. Cell Dev. Biol. 2021, 8, 628712. [CrossRef]
8. Waqas, M.; Zhang, S.; He, Z.; Tang, M.; Chai, R. Role of Wnt and Notch signaling in regulating hair cell regeneration in the

cochlea. Front. Med. 2016, 10, 237–249. [CrossRef]
9. Lahlou, H.; Zhu, H.; Zhou, W.; Edge, A.S.B. Pharmacological regeneration of sensory hair cells restores afferent innervation and

vestibular function. J. Clin. Investig. 2024, 134, e181201. [CrossRef]
10. Carlson, R.J.; Avraham, K.B. Emerging complexities of the mouse as a model for human hearing loss. Proc. Natl. Acad. Sci. USA

2022, 119, e2211351119. [CrossRef]
11. Driver, E.C.; Sillers, L.; Coate, T.M.; Rose, M.F.; Kelley, M.W. The Atoh1-lineage gives rise to hair cells and supporting cells within

the mammalian cochlea. Dev. Biol. 2013, 376, 86–98. [CrossRef]
12. Hertzano, R.; Dror, A.A.; Montcouquiol, M.; Ahmed, Z.M.; Ellsworth, B.; Camper, S.; Friedman, T.B.; Kelley, M.W.; Avraham, K.B.

Lhx3, a LIM domain transcription factor, is regulated by Pou4f3 in the auditory but not in the vestibular system. Eur. J. Neurosci.
2007, 25, 999–1005. [CrossRef] [PubMed]

13. Li, S.; Price, S.M.; Cahill, H.; Ryugo, D.K.; Shen, M.M.; Xiang, M. Hearing loss caused by progressive degeneration of cochlear
hair cells in mice deficient for the Barhl1 homeobox gene. Development 2002, 129, 3523–3532. [CrossRef] [PubMed]

14. Elkon, R.; Milon, B.; Morrison, L.; Shah, M.; Vijayakumar, S.; Racherla, M.; Leitch, C.C.; Silipino, L.; Hadi, S.; Weiss-Gayet, M.;
et al. RFX transcription factors are essential for hearing in mice. Nat. Commun. 2015, 6, 8549. [CrossRef] [PubMed]

15. Li, S.; He, S.; Lu, Y.; Jia, S.; Liu, Z. Epistatic genetic interactions between Insm1 and Ikzf2 during cochlear outer hair cell
development. Cell Rep. 2023, 42, 112504. [CrossRef]

16. Kaiser, M.; Lüdtke, T.H.; Deuper, L.; Rudat, C.; Christoffels, V.M.; Kispert, A.; Trowe, M.O. TBX2 specifies and maintains inner
hair and supporting cell fate in the Organ of Corti. Nat. Commun. 2022, 13, 7628. [CrossRef]

17. Kiernan, A.E. Notch signaling during cell fate determination in the inner ear. Semin. Cell Dev. Biol. 2013, 24, 470–479. [CrossRef]
18. Munnamalai, V.; Fekete, D.M. Wnt signaling during cochlear development. Semin. Cell Dev. Biol. 2013, 24, 480–489. [CrossRef]
19. Kantarci, H.; Gou, Y.; Riley, B.B. The Warburg Effect and lactate signaling augment Fgf-MAPK to promote sensory-neural

development in the otic vesicle. eLife 2020, 9, e56301. [CrossRef]
20. Basch, M.L.; Brown, R.M.; Jen, H.I.; Groves, A.K. Where hearing starts: The development of the mammalian cochlea. J. Anat. 2015,

228, 233–254. [CrossRef]
21. Ma, X.; Guo, J.; Tian, M.; Fu, Y.; Jiang, P.; Zhang, Y.; Chai, R. Advance and Application of Single-cell Transcriptomics in Auditory

Research. Neurosci. Bull. 2023, 40, 963–980. [CrossRef] [PubMed]
22. Kolla, L.; Kelly, M.C.; Mann, Z.F.; Anaya-Rocha, A.; Ellis, K.; Lemons, A.; Palermo, A.T.; So, K.S.; Mays, J.C.; Orvis, J.; et al.

Characterization of the development of the mouse cochlear epithelium at the single cell level. Nat. Commun. 2020, 11, 2389.
[CrossRef] [PubMed]

23. Tasdemir-Yilmaz, O.E.; Druckenbrod, N.R.; Olukoya, O.O.; Dong, W.; Yung, A.R.; Bastille, I.; Pazyra-Murphy, M.F.; Sitko, A.A.;
Hale, E.B.; Vigneau, S.; et al. Diversity of developing peripheral glia revealed by single-cell RNA sequencing. Dev. Cell 2021,
56, 2516–2535. e8. [CrossRef] [PubMed]

24. Wang, T.; Ling, A.H.; Billings, S.E.; Hosseini, D.K.; Vaisbuch, Y.; Kim, G.S.; Atkinson, P.J.; Sayyid, Z.N.; Aaron, K.A.; Wagh, D.;
et al. Single-cell transcriptomic atlas reveals increased regeneration in diseased human inner ear balance organs. Nat. Commun.
2024, 15, 4833. [CrossRef]

https://doi.org/10.3390/genes17040438

https://doi.org/10.2471/BLT.21.285643
https://www.ncbi.nlm.nih.gov/pubmed/33953438
https://doi.org/10.1038/nrd4533
https://doi.org/10.1016/j.conb.2009.07.010
https://www.ncbi.nlm.nih.gov/pubmed/19683914
https://doi.org/10.1101/cshperspect.a008409
https://www.ncbi.nlm.nih.gov/pubmed/22855724
https://doi.org/10.1016/j.fmre.2023.09.005
https://doi.org/10.2174/138945010791320836
https://doi.org/10.3389/fcell.2020.628712
https://doi.org/10.1007/s11684-016-0464-9
https://doi.org/10.1172/JCI181201
https://doi.org/10.1073/pnas.2211351119
https://doi.org/10.1016/j.ydbio.2013.01.005
https://doi.org/10.1111/j.1460-9568.2007.05332.x
https://www.ncbi.nlm.nih.gov/pubmed/17331196
https://doi.org/10.1242/dev.129.14.3523
https://www.ncbi.nlm.nih.gov/pubmed/12091321
https://doi.org/10.1038/ncomms9549
https://www.ncbi.nlm.nih.gov/pubmed/26469318
https://doi.org/10.1016/j.celrep.2023.112504
https://doi.org/10.1038/s41467-022-35214-4
https://doi.org/10.1016/j.semcdb.2013.04.002
https://doi.org/10.1016/j.semcdb.2013.03.008
https://doi.org/10.7554/eLife.56301
https://doi.org/10.1111/joa.12314
https://doi.org/10.1007/s12264-023-01149-z
https://www.ncbi.nlm.nih.gov/pubmed/38015350
https://doi.org/10.1038/s41467-020-16113-y
https://www.ncbi.nlm.nih.gov/pubmed/32404924
https://doi.org/10.1016/j.devcel.2021.08.005
https://www.ncbi.nlm.nih.gov/pubmed/34469751
https://doi.org/10.1038/s41467-024-48491-y
https://doi.org/10.3390/genes17040438


Genes 2026, 17, 438 20 of 21

25. Sun, G.; Zheng, Y.; Fu, X.; Zhang, W.; Ren, J.; Ma, S.; Sun, S.; He, X.; Wang, Q.; Ji, Z.; et al. Single-cell transcriptomic atlas of mouse
cochlear aging. Protein Cell 2023, 14, 180–201. [CrossRef]

26. Jan, T.A.; Eltawil, Y.; Ling, A.H.; Chen, L.; Ellwanger, D.C.; Heller, S.; Cheng, A.G. Spatiotemporal dynamics of inner ear sensory
and non-sensory cells revealed by single-cell transcriptomics. Cell Rep. 2021, 36, 109358. [CrossRef]

27. Petitpré, C.; Faure, L.; Uhl, P.; Fontanet, P.; Filova, I.; Pavlinkova, G.; Adameyko, I.; Hadjab, S.; Lallemend, F. Single-cell
RNA-sequencing analysis of the developing mouse inner ear identifies molecular logic of auditory neuron diversification. Nat.
Commun. 2022, 13, 3878. [CrossRef]

28. Korrapati, S.; Taukulis, I.; Olszewski, R.; Pyle, M.; Gu, S.; Singh, R.; Griffiths, C.; Martin, D.; Boger, E.; Morell, R.J.; et al. Single
Cell and Single Nucleus RNA-Seq Reveal Cellular Heterogeneity and Homeostatic Regulatory Networks in Adult Mouse Stria
Vascularis. Front. Mol. Neurosci. 2019, 12, 316. [CrossRef]

29. Jean, P.; Wong Jun Tai, F.; Singh-Estivalet, A.; Lelli, A.; Scandola, C.; Megharba, S.; Schmutz, S.; Roux, S.; Mechaussier, S.; Sudres,
M.; et al. Single-cell transcriptomic profiling of the mouse cochlea: An atlas for targeted therapies. Proc. Natl. Acad. Sci. USA 2023,
120, e2221744120. [CrossRef]

30. Taylor, R.R.; Jagger, D.J.; Saeed, S.R.; Axon, P.; Donnelly, N.; Tysome, J.; Moffatt, D.; Irving, R.; Monksfield, P.; Coulson, C.; et al.
Characterizing human vestibular sensory epithelia for experimental studies: New hair bundles on old tissue and implications for
therapeutic interventions in ageing. Neurobiol. Aging 2015, 36, 2068–2084. [CrossRef]

31. Van der Valk, W.H.; van Beelen, E.S.A.; Steinhart, M.R.; Nist-Lund, C.; Osorio, D.; de Groot, J.C.M.J.; Sun, L.; van Benthem, P.P.G.;
Koehler, K.R.; Locher, H. A single-cell level comparison of human inner ear organoids with the human cochlea and vestibular
organs. Cell Rep. 2023, 42, 112623. [CrossRef] [PubMed]

32. Azaiez, H.; Booth, K.T.; Ephraim, S.S.; Crone, B.; Black-Ziegelbein, E.A.; Marini, R.J.; Shearer, A.E.; Sloan-Heggen, C.M.; Kolbe,
D.; Casavant, T.; et al. Genomic Landscape and Mutational Signatures of Deafness-Associated Genes. Am. J. Hum. Genet. 2018,
103, 484–497. [CrossRef] [PubMed]

33. Cheng, H.; Wang, X.; Zhong, M.; Geng, J.; Li, W.; Pei, K.; Wang, J.; Wang, L.; Lu, Y.; Cheng, J.; et al. GDC: Integration of
Multi-Omic and Phenotypic Resources to Unravel the Genetic Pathogenesis of Hearing Loss. Adv. Sci. 2025, 12, e2408891.
[CrossRef] [PubMed]

34. Huang, S.; Zhao, G.; Wu, J.; Li, K.; Wang, Q.; Fu, Y.; Zhang, H.; Bi, Q.; Li, X.; Wang, W.; et al. Gene4HL: An Integrated Genetic
Database for Hearing Loss. Front. Genet. 2021, 12, 773009. [CrossRef]

35. Yu, K.S.; Frumm, S.M.; Park, J.S.; Lee, K.; Wong, D.M.; Byrnes, L.; Knox, S.M.; Sneddon, J.B.; Tward, A.D. Development of the
Mouse and Human Cochlea at Single Cell Resolution. bioRxiv 2019, 739680. [CrossRef]

36. Dyer, S.C.; Austine-Orimoloye, O.; Azov, A.G.; Barba, M.; Barnes, I.; Barrera-Enriquez, V.P.; Becker, A.; Bennett, R.; Beracochea,
M.; Berry, A.; et al. Ensembl 2025. Nucleic Acids Res. 2025, 53, D948–D957. [CrossRef]

37. Hao, Y.; Hao, S.; Andersen-Nissen, E.; Mauck, W.M., 3rd; Zheng, S.; Butler, A.; Lee, M.J.; Wilk, A.J.; Darby, C.; Zager, M.; et al.
Integrated analysis of multimodal single-cell data. Cell 2021, 184, 3573–3587.e29. [CrossRef]

38. Steinhart, M.R.; van der Valk, W.H.; Osorio, D.; Serdy, S.A.; Zhang, J.; Nist-Lund, C.; Kim, J.; Moncada-Reid, C.; Sun, L.; Lee, J.;
et al. Mapping oto-pharyngeal development in a human inner ear organoid model. Development 2023, 150, dev201871. [CrossRef]

39. Korsunsky, I.; Millard, N.; Fan, J.; Slowikowski, K.; Zhang, F.; Wei, K.; Baglaenko, Y.; Brenner, M.; Loh, P.R.; Raychaudhuri, S. Fast,
sensitive and accurate integration of single-cell data with Harmony. Nat. Methods 2019, 16, 1289–1296. [CrossRef]

40. Yu, G.; Wang, L.G.; Han, Y.; He, Q.Y. clusterProfiler: An R Package for Comparing Biological Themes Among Gene Clusters.
OMICS A J. Integr. Biol. 2012, 16, 284–287. [CrossRef]

41. Jin, S.; Guerrero-Juarez, C.F.; Zhang, L.; Chang, I.; Ramos, R.; Kuan, C.H.; Myung, P.; Plikus, M.V.; Nie, Q. Inference and analysis
of cell-cell communication using CellChat. Nat. Commun. 2021, 12, 1088. [CrossRef] [PubMed]

42. Aibar, S.; González-Blas, C.B.; Moerman, T.; Huynh-Thu, V.A.; Imrichova, H.; Hulselmans, G.; Rambow, F.; Marine, J.C.; Geurts,
P.; Aerts, J.; et al. SCENIC: Single-cell regulatory network inference and clustering. Nat. Methods 2017, 14, 1083–1086. [CrossRef]
[PubMed]

43. Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A
Software Environment for Integrated Models of Biomolecular Interaction Networks. Genome Res. 2003, 13, 2498–2504. [CrossRef]
[PubMed]

44. Giese, D.; Li, H.; Liu, W.; Staxäng, K.; Hodik, M.; Ladak, H.M.; Agrawal, S.; Schrott-Fischer, A.; Glueckert, R.; Rask-Andersen, H.
Microanatomy of the human tunnel of Corti structures and cochlear partition-tonotopic variations and transcellular signaling. J.
Anat. 2024, 245, 271–288. [CrossRef]

45. Liu, S.; Wang, S.; Zou, L.; Xiong, W. Mechanisms in cochlear hair cell mechano-electrical transduction for acquisition of sound
frequency and intensity. Cell. Mol. Life Sci. 2021, 78, 5083–5094. [CrossRef]

46. Ma, X.; Chen, X.; Che, Y.; Zhu, S.; Wang, X.; Gao, S.; Wu, J.; Kong, F.; Cheng, C.; Wu, Y.; et al. The single-cell transcriptomic
landscape of the topological differences in mammalian auditory receptors. Sci. China Life Sci. 2024, 67, 2398–2410. [CrossRef]

https://doi.org/10.3390/genes17040438

https://doi.org/10.1093/procel/pwac058
https://doi.org/10.1016/j.celrep.2021.109358
https://doi.org/10.1038/s41467-022-31580-1
https://doi.org/10.3389/fnmol.2019.00316
https://doi.org/10.1073/pnas.2221744120
https://doi.org/10.1016/j.neurobiolaging.2015.02.013
https://doi.org/10.1016/j.celrep.2023.112623
https://www.ncbi.nlm.nih.gov/pubmed/37289589
https://doi.org/10.1016/j.ajhg.2018.08.006
https://www.ncbi.nlm.nih.gov/pubmed/30245029
https://doi.org/10.1002/advs.202408891
https://www.ncbi.nlm.nih.gov/pubmed/40089864
https://doi.org/10.3389/fgene.2021.773009
https://doi.org/10.1101/739680
https://doi.org/10.1093/nar/gkae1071
https://doi.org/10.1016/j.cell.2021.04.048
https://doi.org/10.1242/dev.201871
https://doi.org/10.1038/s41592-019-0619-0
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1038/s41467-021-21246-9
https://www.ncbi.nlm.nih.gov/pubmed/33597522
https://doi.org/10.1038/nmeth.4463
https://www.ncbi.nlm.nih.gov/pubmed/28991892
https://doi.org/10.1101/gr.1239303
https://www.ncbi.nlm.nih.gov/pubmed/14597658
https://doi.org/10.1111/joa.14045
https://doi.org/10.1007/s00018-021-03840-8
https://doi.org/10.1007/s11427-024-2672-1
https://doi.org/10.3390/genes17040438


Genes 2026, 17, 438 21 of 21

47. Baldarelli, R.M.; Smith, C.L.; Ringwald, M.; Richardson, J.E.; Bult, C.J.; Mouse Genome Informatics Group. Mouse Genome
Informatics: An integrated knowledgebase system for the laboratory mouse. Genetics 2024, 227, iyae031. [CrossRef]

48. Piñero, J.; Bravo, À.; Queralt-Rosinach, N.; Gutiérrez-Sacristán, A.; Deu-Pons, J.; Centeno, E.; García-García, J.; Sanz, F.; Furlong,
L.I. DisGeNET: A comprehensive platform integrating information on human disease-associated genes and variants. Nucleic
Acids Res. 2017, 45, D833–D839. [CrossRef]

49. DiStefano, M.T.; Goehringer, S.; Babb, L.; Alkuraya, F.S.; Amberger, J.; Amin, M.; Austin-Tse, C.; Balzotti, M.; Berg, J.S.; Birney, E.;
et al. The Gene Curation Coalition: A global effort to harmonize gene–disease evidence resources. Genet. Med. 2022, 24, 1732–1742.
[CrossRef]

50. Weinreich, S.S.; Mangon, R.; Sikkens, J.J.; Teeuw, M.E.; Cornel, M.C. Orphanet: A European database for rare diseases. Ned.
Tijdschr. Geneeskd. 2008, 152, 518–519.

51. Martin, A.R.; Williams, E.; Foulger, R.E.; Leigh, S.; Daugherty, L.C.; Niblock, O.; Leong, I.U.S.; Smith, K.R.; Gerasimenko, O.;
Haraldsdottir, E.; et al. PanelApp crowdsources expert knowledge to establish consensus diagnostic gene panels. Nat. Genet.
2019, 51, 1560–1565. [CrossRef]

52. Amberger, J.S.; Hamosh, A. Searching Online Mendelian Inheritance in Man (OMIM): A Knowledgebase of Human Genes and
Genetic Phenotypes. Curr. Protoc. Bioinform. 2017, 58, 1.2.1–1.2.12. [CrossRef]

53. Rubinstein, W.S.; Maglott, D.R.; Lee, J.M.; Kattman, B.L.; Malheiro, A.J.; Ovetsky, M.; Hem, V.; Gorelenkov, V.; Song, G.; Wallin, C.;
et al. The NIH genetic testing registry: A new, centralized database of genetic tests to enable access to comprehensive information
and improve transparency. Nucleic Acids Res. 2012, 41, D925–D935. [CrossRef] [PubMed]

54. Köhler, S.; Doelken, S.C.; Mungall, C.J.; Bauer, S.; Firth, H.V.; Bailleul-Forestier, I.; Black, G.C.; Brown, D.L.; Brudno, M.; Campbell,
J.; et al. The Human Phenotype Ontology project: Linking molecular biology and disease through phenotype data. Nucleic Acids
Res. 2014, 42, D966–D974. [CrossRef] [PubMed]

55. Stapelbroek, J.M.; Peters, T.A.; van Beurden, D.H.; Curfs, J.H.; Joosten, A.; Beynon, A.J.; van Leeuwen, B.M.; van der Velden,
L.M.; Bull, L.; Oude Elferink, R.P.; et al. ATP8B1 is essential for maintaining normal hearing. Proc. Natl. Acad. Sci. USA 2009,
106, 9709–9714. [CrossRef] [PubMed]

56. Coling, D.E.; Yu, K.C.Y.; Somand, D.; Satar, B.; Bai, U.; Huang, T.T.; Seidman, M.D.; Epstein, C.J.; Mhatre, A.N.; Lalwani, A.K.
Effect of SOD1 overexpression on age- and noise-related hearing loss. Free Radic. Biol. Med. 2003, 34, 873–880. [CrossRef]

57. De Haan, S.; He, J.; Corbat, A.A.; Belicova, L.; Ratz, M.; Vinsland, E.; Frisén, J.; Kelley, M.W.; Andersson, E.R. Ectoderm barcoding
reveals neural and cochlear compartmentalization. Science 2025, 388, 60–68. [CrossRef]

58. Kyriakoudi, S.A.; Chatzi, D.; Dermitzakis, I.; Gargani, S.; Manthou, M.E.; Meditskou, S.; Theotokis, P. Genetic Identity of Neural
Crest Cell Differentiation in Tissue and Organ Development. Front. Biosci. 2024, 29, 261. [CrossRef]

59. Van der Valk, W.H.; Steinhart, M.R.; Zhang, J.; Koehler, K.R. Building inner ears: Recent advances and future challenges for
in vitro organoid systems. Cell Death Differ. 2020, 28, 24–34. [CrossRef]

60. Ueda, Y.; Nakamura, T.; Nie, J.; Solivais, A.J.; Hoffman, J.R.; Daye, B.J.; Hashino, E. Defining developmental trajectories of
prosensory cells in human inner ear organoids at single-cell resolution. Development 2023, 150, dev201071. [CrossRef]

61. Gwilliam, K.M. A Triple Line of Defense: The Role of the Group 1 RFX Transcription Factors in the Inner Ear. Ph.D. Thesis,
University of Maryland, Baltimore, MD, USA, 2023.

62. Bouchard, M.; de Caprona, D.; Busslinger, M.; Xu, P.; Fritzsch, B. Pax2 and Pax8 cooperate in mouse inner ear morphogenesis and
innervation. BMC Dev. Biol. 2010, 10, 89. [CrossRef]

63. Eisenstein, M. How to make spatial maps of gene activity—Down to the cellular level. Nature 2022, 606, 1036–1038. [CrossRef]
64. Tisi, A.; Palaniappan, S.; Maccarrone, M. Advanced Omics Techniques for Understanding Cochlear Genome, Epigenome, and

Transcriptome in Health and Disease. Biomolecules 2023, 13, 1534. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/genes17040438

https://doi.org/10.1093/genetics/iyae031
https://doi.org/10.1093/nar/gkw943
https://doi.org/10.1016/j.gim.2022.04.017
https://doi.org/10.1038/s41588-019-0528-2
https://doi.org/10.1002/cpbi.27
https://doi.org/10.1093/nar/gks1173
https://www.ncbi.nlm.nih.gov/pubmed/23193275
https://doi.org/10.1093/nar/gkt1026
https://www.ncbi.nlm.nih.gov/pubmed/24217912
https://doi.org/10.1073/pnas.0807919106
https://www.ncbi.nlm.nih.gov/pubmed/19478059
https://doi.org/10.1016/S0891-5849(02)01439-9
https://doi.org/10.1126/science.adq9248
https://doi.org/10.31083/j.fbl2907261
https://doi.org/10.1038/s41418-020-00678-8
https://doi.org/10.1242/dev.201071
https://doi.org/10.1186/1471-213X-10-89
https://doi.org/10.1038/d41586-022-01743-7
https://doi.org/10.3390/biom13101534
https://doi.org/10.3390/genes17040438

	Introduction 
	Materials and Methods 
	Online Published scRNA-Seq/snRNA-Seq Data Collection 
	Ortholog Gene Selection 
	Single-Cell Transcriptomic Data Analysis and Integration 
	scRNA-Seq Differential Gene Expression and Enrichment Analysis 
	Cell–Cell Communication Analysis 
	Single-Cell Transcription Factor Analysis 
	Conserved Gene Expression Programs Identification 

	Results 
	Generation of Single-Cell Atlas of Human and Mouse Cochlea 
	Similarities Between Human and Mouse Cochlea 
	Estimation of Cell–Cell Communication in Human and Mouse Cochlea 
	Conservation of Hair Cell Regulomes in Human and Mouse Cochlea 
	Identification of Conserved Gene Modules and Candidate HL-Associated Genes in Cochlear Hair Cells 
	An Atlas of Hearing Loss Gene Expression During Cochlear Development 

	Discussion 
	Conclusions 
	References

