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Abstract

Background The stria vascularis (SV), located in the lateral wall of the cochlea, maintains cochlear fluid homeostasis
and mechanoelectrical transduction (MET) activity required for sound wave conduction. The pathogenesis of a num-
ber of human inheritable deafness syndromes, age related hearing loss, drug-induced ototoxicity and noise-induced
hearing loss results from the morphological changes and functional impairments in the development of the SV. In
this study, we investigate the implications of intercellular communication within the SV in the pathogenesis of sen-
sorineural hearing loss (SNHL). We aim to identify commonly regulated signaling pathways using publicly available
single-cell transcriptomic sequencing (scRNA-seq) datasets.

Methods We analyzed scRNA-seq data, which was derived from studying the cochlear SV in mice with SNHL
compared to normal adult mice. After quality control and filtering, we obtained the major cellular components

of the mouse cochlear SV and integrated the data. Using Seurat’s FindAllMarkers and FindMarkers packages, we
searched for novel conservative genes and differential genes. We employed KEGG and GSEA to identify molecular
pathways that are commonly altered among different types of SNHL. We utilized pySCENIC to discover new specific
regulatory factors in SV subpopulation cells. With the help of CellChat, we identified changes in subpopulation cells
showing similar trends across different SNHL types and their alterations in intercellular communication pathways.

Results Through the analysis of the integrated data, we discovered new conserved genes to SV specific cells

and identified common downregulated pathways in three types of SNHL. The enriched genes for these pathways
showing similar trends are primarily associated with the Electron Transport Chain, related to mitochondrial energy
metabolism. Using the CellChat package, we further found that there are shared pathways in the incoming signal-
ing of specific intermediate cells in SNHL, and these pathways have common upstream regulatory transcription
factor of Nfe2I2. Combining the results from pySCENIC and CellChat, we predicted the transcription factor Nfe2I2

as an upstream regulatory factor for multiple shared cellular pathways in IC. Additionally, it serves as an upstream fac-
tor for several genes within the Electron Transport Chain.
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communication

Conclusion Our bioinformatics analysis has revealed that downregulation of the mitochondrial electron transport
chain have been observed in various conditions of SNHL. E2f1, Esrrb, Runx1, Yy1, and Gata2 could serve as novel
important common TFs regulating the electron transport chain. Adm has emerged as a potential new marker gene
for intermediate cells, while Itgb5 and Tesc show promise as potential new marker genes for marginal cells in the SV.
These findings offer a new perspective on SV lesions in SNHL and provide additional theoretical evidence for the same
drug treatment and prevention of different pathologies of SNHL.

Keywords Sensorineural hearing loss (SNHL), Stria vascularis, SCRNA-seq, Transcription factors (TF), Cell—cell

Introduction

To a large extent, hearing sensitivity depends on the fine
structure of the cochlea and its ability to convert sound
waves into encoded impulses in the auditory nerve [1].
The conversion in the cochlea is performed by mechano-
electrical transduction (MET) channels in hair bundles of
hair cells [2]. To maintain MET activity, the stria vascula-
ris (SV), located in the inner side of the lateral wall, pro-
duces a high level of cochlear endopotential (+80 mV)
and a high potassium concentration (~150 mM) for
the scala media [3, 4]. The morphological changes and
functional impairments in the development of SV are
involved in multiple human inheritable deafness syn-
dromes, age-related hearing loss (ARHL), drug-induced
ototoxicity and noise-related hearing loss (NRHL) [5-7].

Extensive experimental research has shown that high
cisplatin accumulation and distribution in the SV were
found both in human and mouse cochlear tissue [8]. Cis-
platin ototoxicity is mainly manifested by SV damage in
the basal turn: edema, swelling, rupture and compres-
sion of marginal cells (MC), and depletion of organelles
in cells [9]. Subsequent shrinkage in the SV area could be
detected after more than four weeks of recovery from cis-
platin administration, and the diminishment was caused
mostly by a decrease in the areas of the intermediate and
marginal cells [7]. However, we currently have a limited
understanding of the cellular and molecular mechanisms
of SV injury in cisplatin-related hearing loss (CRHL).

In modern society, more than 12% of the global popula-
tion suffers from NRHL attributed to ever-increasing lev-
els of noise exposure [10]. Many researchers found that
noise exposure in animals could result from decreasing
vessel diameter and increasing microvascular perme-
ability and macromolecular transport in the cochlear SV
[11-13]. Mouse experiments indicate that noise exposure
leads to MC and blood vessel morphological changes,
inducing dysfunction of cochlear microcirculation [14].

Age-related hearing loss (ARHL) is a complex hearing
impairment that occurs as a natural part of aging and
is one of the most common health conditions affecting

the elderly following heart disease and arthritis [15]. It
affects a significant portion of the aging population and
is characterized by a gradual decline in the ability to
hear high-frequency sounds. Approximately one-third
of the population aged 65 and 74 has some degree of
hearing impairment, and the number of people over
the age of 75 has increased to roughly half. The exact
pathology of ARHL is not fully detected and is likely to
involve a combination of aging, genetics, and environ-
mental factors, such as exposure to loud noise. Altera-
tions in the SV play a pivotal role in the pathogenesis
of ARHL and can contribute to the decline in hearing
associated with this condition [16].

The three main causes of sensorineural hearing loss
(SNHL), aging, noise and cisplatin exposure, have great
similarities in the pathophysiological degeneration of
the cochlea. To date, many molecular mechanisms have
been suggested to be responsible for these similarities,
but systematic validation is still lacking. Bulk data from
three models showed that gene coexpression in inflam-
mation, immunity, apoptosis and ion transport signifi-
cantly correlated with each other in the hair cells of the
cochlea [17, 18]. Increasing inflammatory factors IL1B
and CCL2 inducing ROS-related apoptosis in the whole
cochleae of SNHL were identified by previous studies
in vitro and vivo [19].

Many studies have shown that CRHL and NRHL
share some common processes in the cochlea, such as
inflammation and oxidative stress, but the changes in
response to cisplatin and noise are extremely different.
Prior to the advent of single-cell RNA-seq (scRNA-seq),
research on SNHL focused on the entire cochlea and
hair cells, lacking systematic studies on the cochlear SV.
To further explore the SV pathology in SNHL, we gath-
ered and compared datasets derived from scRNA-seq
to identify and filter out conservative gene markers and
common pathways related to aging, cisplatin exposure,
and noise response in the cochlear SV. This analysis
aimed to uncover potential targets and provide more
evidence for broadly effective therapeutic agents in the
treatment of SNHL.
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Materials and methods

Online Published ScCRNA-seq Data Collection

and Processing

Collecting scRNA-seq data of the cochlear SV from
the Gene Expression Omnibus (GEO) repository and
the Genome Sequence Archive in National Genom-
ics Data Center (NGDC), CRA004814, GSE165662, and
GSE168041 were used for analysis of different treatment
models in SNHL. The details and mouse cell informa-
tion of the datasets in the GEO and NGDC are listed in
Table 1.

We obtained cochlear stria vascularis samples from
four groups of mice exposed to various treatment proto-
cols. In the CIHL group, mice received an intraperitoneal
(IP) injection of 14 mg/kg cisplatin 24 h before euthana-
sia (n=6, three females, three males). The NIHL group
was exposed to a two-hour duration of octave band noise
centered at 11.3 kHz (8-16 kHz) with a sound pressure
level (SPL) of 105 dB (n=4). The samples for scRNA-seq
of 1- and 15-month-old groups contain 5 males and 5
females.

The Cell Ranger (7.1.0) pipeline developed by
10X Genomics was applied to analyze the aged SV cells
downloaded from NDGC (CRA004814) in fastq format,
which were then aligned (the mouse reference genome-
mm10), filtered, and quantified. The final output is a
matrix of gene expression levels for each individual cell in
the experiment, allowing for further analysis using tools
such as dimensionality reduction, clustering, and differ-
ential expression analysis. The Seurat 4.3.0 library in R
4.2.0 was applied to analyze the single-cell transcriptome.

Table 1 List of details and mouse information of the datasets
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The R package sctransform (Hafemeister and Satija,
2019), which included the selection of variable genes, was
applied to normalize the datasets. We performed princi-
pal component analysis (PCA) to reduce dimensionality
on the normalized data matrix using the top 2000 most
highly variable genes. For 2D visualization, PC embed-
dings were passed into Uniform Manifold Approximation
and Projection (UMAP) [20]. Marker genes of the clus-
ters were explored using the Seurat FindAllMarkers func-
tion (Wilcoxon rank-sum test, min.pct=0.25, log-change
threshold =0.25). The clusters in the datasets were anno-
tated based on established markers. We employed Har-
mony to integrate SV major cells from datasets with
different SNHL. Differentially expressed genes (DEGs)
of the clusters integrated by harmony between vari-
ous SNHL were explored by the Seurat FindMarkers
function.

Kyoto Encyclopedia of Genes and Genomes (KEGG)

and Gene Set Enrichment Analysis (GSEA) application

in functional enrichment

The common conserved genes in different clusters from
different SNHL were clustered and analyzed by KEGG.
GSEA-WikiPathway analyses were conducted on Web-
Gestalt 2019 (https://www.webgestalt.org/) to detect dif-
ferent molecular mechanisms and underlying pathways
comparing the aged, cisplatin-treated, and noise-treated
groups with the adult group. The normalized enrichment
score was obtained by gene set permutations 1,000 times,
and an FDR value of 0.05 was set to filter the significant
enrichment results.

ID Single Cell Types Mouse Model Mouse Age

Cells
Number
Included

Treatments Mouse Strain  Platforms

CRA004814  Stria Vascularis Adult Mouse P30

GSE165662  Stria Vascularis Cisplatin-treated P30

Adult Mouse

GSE168041  Stria Vascularis Noise-exposed Adult

Mouse

CRA004814  Stria Vascularis Senior Mouse 15 months old

2 to 4 months old

No C57BL/6 J lllumina NovaSeq 1390

6000

intraperitoneal (IP) CBA/J No 1242
injection of 14 mg/
kg cisplatin 24 h prior

to sacrifice

Noise trauma CBA/CaJ 5913
was induced

with an octave band
of noise centered

at 11.3 kHz (8-16 kHz)
at 105 dB sound
pressure level (SPL)
for 2 h and were
euthanized in 6 h

or 24 h post-noise

exposure
No C57BL/6 )

lllumina NovaSeq
6000

lllumina NovaSeq
6000



https://www.webgestalt.org/

Gu et al. BMC Genomics (2024) 25:213

Inference of gene regulatory network by pySCENIC

We extract counts from the integrated data, convert
it into CSV format, and then read it into Python and
output it as a Loom format file. A three-step pipeline
is applied to output the Loom format file. First, tran-
scription factors (TFs) combined with their target
genes to define a regulon are derived using gene infer-
ence (RcisTarget mm9 motif databases) methods that
are entirely correlated between the expression of genes
across cells. Then, based on the presence of cis-regu-
latory footprints, these regulons are refined effectively
to separate direct from indirect targets. Finally, the
original cells are differentiated and clustered accord-
ing to the activity of these discovered regulons. The
pySCENIC output in the form of a loom file was sub-
sequently analyzed utilizing the SCopeLoomR R pack-
age. The activity of each regulon was evaluated in the
scoring step using AUCell. For visualization purposes,
we generated a binary heatmap using the output area
under the recovery curve (AUC) values and AUC
thresholds. This allowed us to determine the validity
of a particular rule within a given cell.

In addition to plotting the binary values, we also
transformed these AUC values into a range from 0 to
1 for each regulon and represented them in a heatmap
with a color scale. The pheatmap package was used to
generate the heatmap and perform hierarchical clus-
tering of the regulons.

CeliChat

The CellChat package includes a comprehensive
signaling molecule interaction database, which can
infer cellular communication and provide functional
data exploration, analysis and visualization. By using
CellChat, we were able to infer cell-cell interac-
tions among different subsets of SV [21]. Based on a
permutation test, we calculated the most enriched
ligand-receptor interactions. P values less than 0.01
were considered significant. First, we extracted single-
cell data from the integrated Seurat dataset for differ-
ent treatment groups and created a CellChat object.
Then, we combined the CellChat objects for the dif-
ferent treatment groups and performed the following
three-step data process on the merged data: 1. Predict
general principles of cell-cell communication in differ-
ent treatments; 2. Identify the conserved and context-
specific signaling pathways; 3. Identify the upregulated
and downregulated signaling ligand-receptor pairs
between specific cells in different treatments. Finally,
we visualized the cell-cell communication network
using a hierarchy plot, circle plot or chord diagram.
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Results

Cell type identification

First, a total of three published scRNA-seq datasets
of mouse SV were obtained from GEO and NGDC.
After quality control and preprocessing of the data to
remove low-quality cells, performing normalization and
eliminating batch effects, single cells dissociated from
mouse SV of different treatments were clustered into
three major clusters. Classic known cell-specific genes
described in previous studies were used to annotate cell
clusters: intermediate cells (IC, Kcnj10", Kcnj13+, Met™,
Nrp2*, Cd44"); basal cells (BC, Tjp1"#", Cldn1I*); and
MC(Kcngl™, Kenel®) [22—-24]. UMAP showed well-sep-
arated clusters with significant enrichment of marker
genes for the respective cell types in each treatment
(Fig. 1A-D). Then, the four separated cochlear SVs with
the same specific cells were integrated in the following
analysis with the fast, sensitive and accurate integration
algorithm called Harmony (Fig. 1E).

Common conservative gene markers in IC, BC and MC
of different treatments
To explore the conservative expression pattern of three
major cell types in different treatments, the top 100
cluster-defining genes for each cell type ranked by avg_
log2FC with Seurat FindAllMarkers were extracted. The
intersection of the top 100 genes in three major cell types
of different treatments was mapped using the R package
VennDiagram (1.7.3). The results showed a total of 36, 11,
and 29 common conserver genes of IC, BC, and MC in
the four treatments, respectively (Fig. 2A, C, E, Table 2).
These common genes enriched in KEGG pathway
using clusterProfiler package are involved in a wide
range of biological process mainly such as pigmen-
tation-related pathways (pigment production, devel-
opment, metabolic and biosynthetic process), cell
adhesion and migration (focal adhesion and ECM-
receptor interaction), ATP related pathways (positive
regulation and regulation of ATP-dependent activity)
and signal transduction (calcium signaling and PI3K-
Akt signaling pathway) in IC; cell migration and pro-
liferation related pathways (negative regulation of cell
migration, cell mobility, locomotion, smooth muscle
cell proliferation and muscle cell adaptation, regula-
tion of smooth muscle cell proliferation and endothe-
lial cell migration), cell signaling and survival (protein
kinase pathway and MAPK signaling pathway), cell-
matrix interactions (focal adhesion and ECM-receptor
interaction), and ATP related pathways (ATP meta-
bolic process and regulation of ATP-dependent activ-
ity) in BC; potassium ion transmembrane transport
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Fig. 1 Integrative online published single-cell transcriptomic sequencing (scRNA-seq) datasets of mouse cochlear stria vascularis (SV)

from sensorineural hearing loss (SNHL). Uniform manifold approximation and projection (UMAP) plot of the identified cell populations and violin
plot of the expression of known marker genes in the identified cell populations of SV from adult (A), age-related hearing loss (ARHL) (B),
noise-related hearing loss (NRHL) (C) and cisplatin-related hearing loss (CRHL) (D) mouse cochlea. E Schematic flowchart showing the integration
and generation of an integrated dataset from online published scRNA-seq datasets of mouse cochlea SV from different treatments (CRA004814,
GSE165662, and GSE168041). IC, intermediate cells; BC, basal cells; MC, marginal cells

related pathways (regulation and negative regulation of
potassium ion transmembrane transport), sodium ion
transmembrane transport related pathways (positive
regulation of sodium ion transmembrane transport,
cellular sodium ion homeostasis), cell-matrix interac-
tions (focal adhesion and ECM-receptor interaction),
ATP related pathways (regulation of ATP metabolic
process and ATP-dependent activity, positive regula-
tion of ATP-dependent activity) and cell signaling and
survival (extrinsic apoptotic signaling pathway, protein

kinase B signaling and MAPK signaling pathway) in
MC (Fig. 2B, D, E).

Similar and different signaling pathways within SNHL
To investigate the differences in cell populations and their
corresponding molecular transcriptional characteristics,
we compared SV samples from the aged group and those
exposed to noise and cisplatin with adult SV samples, fol-
lowing the removal of batch effects.

As in the dataset, adult and other treated SV cells were
integrated using an anchor-based integration method.
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Well-separated clusters in the UMAP plot showed signif-
icant enrichment of marker genes for the respective cell
types (Fig. 1E).

To detect SV cell transcriptional effects of elderly,
cisplatin-treated, and noise-treated groups, we used
FindMarkers with a default log2FC threshold of 0.25 to
identify DEGs comparing different groups with the adult
group. We compared the DEGs and created volcano
plots for the distinct treatments of IC, BC, and MC. We
observed that the three subsets of cells showed a higher
similarity in DEGs between the cisplatin and noise treat-
ment groups (Fig. 3A, C, E). We found 698 upregulated
and 505 downregulated genes in the elderly group, 1457
upregulated and 2305 downregulated genes in the cis-
platin-treated group, and 1640 upregulated and 2449
downregulated genes in the noise-treated group. The list
of differentially expressed genes obtained from the dif-
ferential analysis can be found in Supplementary Table
S1 for specific details. We then filtered these differen-
tially expressed genes with an absolute log2FC greater
than or equal to 0.6 and performed GSEA enrichment on
these DEGs, setting the FDR to less than or equal to 0.05.
We found that different treatment groups had similar
downregulated enrichment pathways in oxidative phos-
phorylation and electron transport chain (Fig. 3B, D, F,
Supplementary Table S2). Oxidative phosphorylation and
electron transport chain are both mitochondrial energy
metabolism pathways involved in cellular ATP synthesis.
The results suggest that these pathways are suppressed in
aged, cisplatin-treated, and noise-treated cells, indicating
a common impact on cellular ATP synthesis across differ-
ent treatment conditions (Fig. 3G).

Identification of cell type-specific regulatory factors

in cochlear SV specific cells and their role in mitochondrial
energy metabolism

To investigate the potential molecular mechanisms driv-
ing the common gene expression of the different clus-
ters, we used pySCENIC to comprehensively reconstruct
the gene regulatory networks for three major cell types
of SV (Fig. 4A). To identify cell type-specific regulatory
factors in cochlear vasculature cells, we constructed gene
regulatory networks in three known subtypes of cochlear

(See figure on next page.)
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vasculature cells (IC, BC, and MC) and calculated the
Regulon Specificity Scores (RSS) of candidate factors. We
found that 28 regulatory factors were highly expressed
in a subtype-specific manner. Using single-cell data, we
confirmed the expression of these factors in the three
subtypes and identified Etv1l, Sox10, and Mitf as the most
specific regulons associated with IC cells, Esrrb with MC
cells, and Thx18 with BC cells (Fig. 4B, D). We confirmed
these cell-specific regulons using the gEAR database
again (Fig. 4C).

In addition, the RSS are used to evaluate regulons and
rank them in each treatment. We found that the tran-
scriptomic factors vary in different states. The expression
trends of regulatory factors in the adult and aged groups
were similar, with most of them showing an upregulation
trend. In contrast, the expression trends of regulatory
factors in the noise and cisplatin groups were similar,
with most of them showing a downregulation trend. (Fig.
S4). We then investigated whether these factors were
involved in previous mitochondrial energy metabolism
pathways by analyzing their expression in SV cells from
different treatment groups using a pheatmap and CHEA
Transcription Factor Targets Dataset. Our findings sug-
gest that the regulatory factors E2f1, Essrb, Runx1, Yyl,
Nfe2l2, and Gata2 have a strong relationship with the
genes of mitochondrial energy metabolism pathways
(Fig. 4E).

Intercellular communication network inference in SNHL
Generally, SV cells should not work in isolation but
instead should collaborate and establish connections
by interacting with signals from their environment. To
create a network of cell-cell communication within the
cochlear SV, a recently developed mathematical mod-
eling approach known as CellChat is utilized. CellChat
quantitatively infers intercellular communication net-
works through mass action models and facilitates the
visualization of cellular interactions [21].

Counting the interactions (depicted as “line” connec-
tions) among the major cochlear SV cell types using a
circular plot, we constructed a comprehensive cell-cell
communication network based on the ligand-recep-
tor pairs under four distinct conditions (Fig. 5A). The

Fig. 3 Volcano plot of differentially expressed genes (DEGS) in the SV subtype cells from mice with sensorineural hearing loss and bar chart

of gene set enrichment analysis (GSEA) of these DEGs. DEG analysis of IC (A), BC (C) and MC (E) from age-related hearing loss (ARHL), noise-related
hearing loss (NRHL), and cisplatin-related hearing loss (CRHL) datasets compared with the adult dataset are shown in volcano plot. The top ten
genes in the volcano plot have been labeled, with log2FC cutoff set at 0.5 and p-value cutoff set at 0.001. DEGs in SV cells from the ARHL (B), NRHL
(D), and CRHL (F) datasets compared with the adult dataset are clustered using GSEA on WebGestalt 2019. These genes clustered in the oxidative
phosphorylation and electron transport chain pathways with GSEA analysis are colored in the electron transport chain from the Kyoto Encyclopedia
of Genes and Genomes (KEGG) database (G). IC, intermediate cells; BC, basal cells; MC, marginal cells, SV, stira vascularis
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Fig. 4 I|dentification of cell type-specific regulons by SCENIC analysis and prediction of target transcription factors (TF) within downstream

genes (colored in Fig. 3G) using the CHEA Transcription Factor Targets Dataset in Harmonizome 3.0. Integration of the four datasets is processed
and clustered into three cell-specific types (A). TFs specific to SV single-cell subpolulation are selected with calcRSS function in SCENIC (B). The
representative TFs of the SV single-cell subpopulation are confirmed in the gEAR database (C) and integrated datasets (D). These genes (vertical
level) clustered in the oxidative phosphorylation and electron transport chain pathways are predicted to be regulated by these TFs (horizontal level)
using the CHEA Transcription Factor Targets Dataset (E). These TFs with red stars are also found in our SCENIC analysis results (Additional file 5: Fig.

S5)

(See figure on next page.)

Fig. 5 Inference of cell-cell communications by CellChat shows global alterations in signaling pathway-mediated communications

between SV-specific cells in SNHL. Circle plots of the interaction numbers and interaction strength between SV-specific cells (A). The arrows indicate
the direction of intercellular communication. Comparison of the total number of cell communication interactions and the strength of these
interactions in bar chart (B). Changes in incoming and outgoing signaling in SV-specific cells across different datasets (C). Global comparison

of the information flow of signaling pathways in SV cells between the SNHL and adult mouse groups (D, E, F)
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quantities and intensities of those interactions within
each SV cell group were summarized (Fig. 5C); the
counts of cell-cell interactions were decreased in the
cisplatin-treated and aged groups (280 and 437, respec-
tively) compared to the adult groups (497). This reduc-
tion aligns with the decrease in the strengths of those
interactions observed in the cisplatin-treated and aged
groups. This decrease could be attributed to a reduction
in the expression of ligands and receptors, either in the
IC, BC or both (Fig. 5B). The counts of cell-cell interac-
tions showed an increase in the noise-treated group (555)
compared to the adult group (497). This increase aligns
with the observed increase in the strength of these inter-
actions in the noise-treated group. This enhancement
could be attributed to an upregulation in the expression
of both receivers and senders in MC (Fig. 5B).

In comparison to the adult group, the noise-treated
group exhibited activation of signaling pathways such
as THBS, APP, SEMA3, and several others, while path-
ways including VCAM, TENASCIN, VEGF and others
were deactivated. Meanwhile, some pathways, such as
PDGF, SEMA7, HGF, CDH5, PTPRM and NRXN, were
decreased, whereas others, such as GALECTIN, CSPG4,
JAM, NGL, CXCL and MPZ, were increased in the noise-
treated group (Fig. 5D).

Furthermore, when compared with the adult group, the
SEMA3, EDN, LIFR, IEN-1 and HH signaling pathways
were turned on, whereas VEGF, PTPRM, GRN and some
other signaling pathways were turned off in the cisplatin-
treated group. The cisplatin-treated group showed an
increase in the SEMA4, SEMA6, MIF, CSPG4, and MPZ
pathways. Meanwhile, they exhibited a decrease in the
LAMININ, NCAM, HGF, PDGF, GAS, COLLAGEN and
SEMA7 pathways (Fig. 5E).

In comparison with the adult group, the LICAM sign-
aling pathway is turned on, whereas the CDH5, SEM A4,
NGL, CADM, AGRN, CNTN, and TENASCIN signal-
ing pathways are turned off in the aged group. The aged
group showed an increase in the GALECTIN, TWEAK,
PDGF, CXCL, CDH1, OCLN, and VCAM pathways,
while it exhibited a decrease in HGF, PTPRM, NEGR and
some other signaling pathways compared with the adult
group (Fig. 5F).

At the same time, the findings obtained from Cell-
Chat indicated that IC displayed reduced incoming

(See figure on next page.)
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interaction strength (the communication probabilities
of the incoming signaling to a cell population) in the
treated groups compared to the adult group (Fig. S2).
As a result, we conducted further investigation into
the signaling pathways through which ICs function as
receivers and BCs and MCs act as senders in subsequent
analyses. By taking the intersections, we found that the
significantly increased signaling pathways common to
all three treated groups, compared with the adult group,
were GALECTIN (Lgals9 —Cd44), mainly concentrated
in IC cell autocrine signaling (Fig. 6). The significantly
decreased common signaling pathways were PTPRM
(Ptprm — Ptprm), NRXN (Nrxnl—Nlgn1), and COLLA-
GEN (Colla2—Sdc4, Colla2 —Cd44) (Fig. 6). Combin-
ing the CHEA Transcription Factor Targets Dataset and
our data, we found that the transcription factor Nfe2l2 is
related to these common signaling pathways and varies in
different treatment groups.

Discussion

Comprehending the molecular response of the inner
ear to both external and internal causative factors that
induce damage is essential for the strategic development
of targeted therapeutics to address sensorineural hear-
ing loss (SNHL), including NIHL, ARHL and CRHL.
Research indicates that proper functioning of the SV is
crucial for the survival of adult outer hair cells (OHCs).
Interestingly, the survival and normal function of the SV
appear to be independent of the functionality of hair cells
[25]. In this context, we offer a thorough analysis of the
transcriptomes specific to SV cell types within the adult
mouse cochlea, considering the effects of aging, cisplatin
exposure, and noise exposure.

We utilized known SV major cell-type-specific markers
to extract IC, BC, and MC from the data of each treat-
ment group separately. Through analysis, we discovered
that different treatment groups exhibit similar conserved
genes in various subtypes of cells. We intersected the top
100 highly expressed genes from each treatment group
in the same subtype cells (Additional file 1, 2 and 3: Fig.
S1-3A) and these common genes are also supported by
the gEAR database (Additional file 1, 2 and 3: Fig. S1-3B)
[26]. Novel marker genes that exhibit specific expression
in IC include Atplbl, Dct, and Adm. Atplbl and Dct
were found to be downregulated in the whole cochlea of

Fig. 6 Cell-cell signaling interactions between each cell cluster in SV with different treatments. Highlighted significant interactions in SV-specific
cells between the NRHL and adult groups (A, B). Highlighted significant interactions in SV-specific cells between the CRHL and adult groups (C, D).
Highlighted significant interactions in SV-specific cells between the ARHL and adult groups (E, F). Dot color reflects communication probabilities,
and dot size represents computed p values computed from a one-sided permutation test. Empty space means that the communication probability

is zero
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aging mice [24], but we observed their relative conserva-
tion in the SV across all treatment groups. The expres-
sion of Dct is higher in the control group compared with
postnatal 3-day Tbx1 mutation mice in IC of the SV [27].
Additionally, Dct showed significantly higher expression
in IC of the noise-exposed treatment group compared
with other groups. BC showed specific significant expres-
sion of new marker genes such as Apod, Clu, and Igfbp5.
Clu expression in BC was reported by Lee [28]. Zhao
et al. found that adult Clu-null mice displayed fewer hair
cells and hearing loss [29]. Garcia-Mato A et al. found
Igfbp5 expressed in hair cells, Deiters’ cells and pillar cells
in the adult mouse cochlea [30]. Apod could be detected
in the spiral ligament, spiral limbus and OHC in 3-week
mice [31]. MC cells exhibited specific significant expres-
sion of new marker genes, including Lrp2, Gas2, Dclkl,
Igf1, Itgb5, Tesc, Rgs4, and Padi2. Lrp2, Igfl, and Dclkl
were downregulated in the whole cochlea of aging mice
[24], which is consistent with the findings of He et al. [32]
that Igf1 is downregulated in aging mouse hair cells. Lrp2
is expressed enormously in the MC in mouse cochlea
and this was identified by smFISH, single-cell and single-
nucleus RNAseq in 2023 [33]. Padi2 and Gas2 were found
to be downregulated in the vasculature of cisplatin-
treated mice [23]. Chen T et al. found GAS2 mutations
resulted in disorganization and destabilization of micro-
tubule bundles in humans and mice inner ear supporting
cells [34]. Rgs4 immunofluorescence could be detected in
the auditory nerve fibres and SV in 6-8 weeks rat [35].
Adm is a potential novel marker gene for IC, while Itgb5
and Tesc are potential novel marker genes for MC in the
cochlea. These speculations still require further immuno-
histochemical validation in the inner ear.

In addition, we merged the same subtype cells from
four different treatment groups, and through pySCENIC
analysis, we identified transcription factors with specific
high expression in IC, BC, and MC (Fig. 4B). Analysis
using the CHEA Transcription Factor Targets Dataset
revealed that the conserved genes Dct, Cd44, Adm, Tbx2,
Syngrl, Dlcl, Ctsb, Ednrb, Kcnjl0, Mlana, Oxctl, Pax3,
Phldal, Plpl, Slc45a2, Met, Tyr, and Nrp2 are down-
stream targets of the specific transcription factor Mitf in
IC. The conserved gene Clu is a downstream target of the
specific transcription factor Runx1 in BC. The conserved
genes Spint2, Kenkl and Epcam are downstream targets
of the specific transcription factor Gata3 in MC. Through
KEGG analysis, we found that these conserved genes
in IC are mainly associated with cytoskeleton-related
pathways, while these conserved genes in BC are pri-
marily linked to cell migration and proliferation-related
pathways. These conserved genes in MC are mainly
associated with potassium ion transmembrane transport-
related pathways. Consequently, the impact of cisplatin,
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noise exposure, and aging factors on these genes and
their associated pathways within the SV appears to be
relatively limited.

Research on bulk data and single-cell transcriptomics
related to sensory neural hearing loss currently mainly
focuses on inner ear hair cells. Studies have found that
major causal factors inducing sensory neural hear-
ing loss, such as aging, noise, and drug-related factors,
share common pathways for damage to inner ear hair
cells: apoptosis, the immune response, and inflamma-
tion [19]. The changes observed in OHCs during aging
and in response to noise exposure involve common pro-
cesses, including the immune response, cellular response
to stress, regulation of transmembrane transport, and ion
channel regulation. However, there is not much single-
cell transcriptomic research available concerning vas-
cular lesions in sensory neural hearing loss. Milon et al.
showed that SV epithelial cells, including MCs, ICs and
BCs, exhibited a shared upregulated response enriched
in innate immune functions and downregulated response
observed in genes related to potassium ion transport
following exposure to noise [22]. Decreases in genes
related to endocochlear potential (Kcnel, Kenql, Atplb2,
Slc12a2, Met, Gjb2) were observed in the transcriptional
response of SV cell subtypes to cisplatin [23].

In our study, we compared the transcriptome genes of
three major SV cell types from the aging, cisplatin expo-
sure, and noise exposure groups with the adult group.
We observed a significant overlap in DEGs between the
noise and cisplatin exposure groups (Fig. 3A, C, E). Sub-
sequently, we conducted GSEA separately for these dif-
ferentially expressed genes and identified a common
downregulation of the signaling pathways related to
oxidative phosphorylation and electron transport chain
in all three treatment groups. Both of these pathways
are involved in mitochondrial energy metabolism and
play a crucial role in cellular ATP synthesis (Fig. 3B, D,
F). We also marked the positions of these cluster genes
within the electron transport chain, and these genes are
involved in nearly all processes of the electron transport
chain. Through pySCENIC, we conducted an analysis of
transcription factor differences among the three main
cell types in SV under different treatments. There were
varying levels of transcription factor expression changes
among the groups (Additional file 5: Fig. S5). Using
CHEA Transcription Factor Targets Dataset analysis, we
identified important transcription factors correspond-
ing to genes in the electron transport chain, including
E2f1, Esrrb, Runx1, Yyl, Nfe2l2, and Gata2. These tran-
scription factors may be crucial common targets regu-
lating sensorineural hearing loss caused by different
treatments (Fig. 4E). Gomez-Dorado M et al. found that
E2F1 could regulate the mammalian ATOH1 and implied
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its potential of hair cell regeneration in the inner ear [36].
ESRRB mutations are identified to result in congeni-
tal hearing impairment in human [37]. Runx1 is found
necessary for generation of SGN subtype identities and
controls auditory sensory neuron diversity in mice [38].
Nfe2l2 has been linked to SNHL and is observed in the
cochlear SV. However, its distribution in the cochlea dif-
fers between humans and animals [39]. Gata2 deficiency
is associated with syndromic hearing loss [40]. Except
for Nfe2l2, none of these transcription factors have been
reported in the cochlear SV.

SNHL is also associated with inflammation factors [41].
We selected classic inflammatory factors interleukin (IL)-
6, tumor necrosis factor-alpha (TNF-a), and nuclear fac-
tor kappa B (NF-kB) related to SNHL. We compiled the
average log2FC of these relevant inflammatory factors in
the Supplementary Table S3. Some classic inflammatory
factors were not included in DEGs and were instead clus-
terd in GSEA. That may result from the beginning setting
of the absolute value of 1og2FC greater than or equal to
0.6 when filtering differentially expressed genes. Con-
sequently, some factors in the inflammatory pathways
might have been filtered out, which could be a reason for
the lack of enrichment of inflammatory pathways. These
classic inflammatory factors show consistent elevation
in ARHL. However, they exhibit inconsistent trends in
NRHL and CRHL. This discrepancy might also be one
of the reasons why the inflammatory factors failed to be
enriched.

Current research on single-cell interactions between
SV-subspecific cells in NRHL is limited [22]. We con-
ducted integrated data analysis to examine the detailed
changes in cell communication among different sub-
types of SV in the cochlea following various treatments.
Our findings indicate that, compared with adult mouse
cochlear SV, there is an increased interaction between
the three main subtypes of SV after noise exposure,
particularly with enhanced incoming and outgoing
interaction strength in the MC and increased outgo-
ing interaction strength in the IC. This suggests that
following acute injury from noise exposure, the MC in
the SV attempts compensatory mechanisms to restore
the physiological state of the cochlear supporting cells,
particularly endolymphatic potential (EP) maintenance.
Furthermore, our previous results revealed a higher
expression of conservative potassium ion transmem-
brane transport pathway genes in MC, which may be
related to these observed changes. Globally, there is
a decrease in the number of interactions among vari-
ous SV cell types, a trend that aligns with the decrease
in interaction strength observed in both CRHL and
ARHL. Our findings indicated that there is a reduc-
tion in incoming and outgoing interaction strength
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primarily in BC of the ARHL and in IC and BC of the
CRHL. This indicates that the disruption of cellular
pathway regulation induced by acute cisplatin injury in
the SV primarily occurs in the IC and BC. Sluyter et al.
[7], through electron microscopy studies, found that SV
leads to significant thinning of the IC layer in the coch-
lear basal turn after low-dose chronic cisplatin injury,
but there are no significant changes during the acute
phase. During the recovery period after acute cisplatin
injury, the BC layer undergoes significant thinning.
Therefore, we speculated that although there are no
significant morphological changes during the acute cis-
platin injury phase in the SV, alterations in the commu-
nication pathways between cells are the reason for the
disruption of high-concentration potassium ion secre-
tion, leading to a reduction in EP. Our findings also
indicate that the disruption of cellular pathway regula-
tion induced by aging degeneration in the SV primar-
ily occurs in BC. Cdhl, Colla2, Col2al, Col4a2, Col4a3,
Col4a4, Col9a2, Nrxnl, Nrxn2 and Vegfb-related sign-
aling pathways are decreased in BC (Fig. 6F). Mutations
in Colla2 are associated with osteogenesis imperfecta,
while mutations in Col2al and Col9a2 are linked to
Stickler syndrome [42]. Both conditions are character-
ized by progressive hearing loss. Col4a2, Col4a3, and
Col4a4 are associated with Alport’s syndrome, a condi-
tion characterized by progressive hearing loss [43].

After exploring the global common molecular mecha-
nisms in cochlear SV following different treatments, we
further investigated alterations in the molecular pathways
between three major cells of the SV to identify more pre-
cise and specific coregulatory pathways. A similar down-
regulation trend in the incoming interaction strength of
IC across the three types of SNHL was observed (Addi-
tional file 4: Fig. S4). Consequently, we focused our atten-
tion on the incoming interaction pathways in IC. We
found an upregulation trend in the IC incoming signaling
pathway of GALECTIN: Lgals9 —Cd44 among the three
types of SNHL. This signaling pathway is characterized
by autocrine behavior of IC. Furthermore, we discovered
that the pathways involving PTPRM: Ptprm —Ptprm,
NRXN: Nrxnl —Nlgn1, and COLLAGEN: Colla2 — Sdc4/
Cd44 exhibited similar downregulation trends in IC, with
signals primarily originating from autocrine and par-
acrine secretion of BC across all three types of SNHL
(Fig. 6). Galectin-9-Cd44 interaction could enhance sta-
bility and function of adaptive regulatory T cells in mice
[44]. It had showed that Nlgnl knockout mice cochleae
had fewer ribbon synapses resulting in impaired hear-
ing [45]. Lgals9 —Cd44, Ptprm —Ptprm, Nrxnl —Nlgn]l,
and Colla2—Sdc4/Cd44 may represent novel regula-
tory pathways in cochlear SV pathology associated with
SNHL.
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We found that Nfe2l2 target genes prediction included
Ptprm, Nrxnl and Colla2 using CHEA Transcription
Factor Targets Dataset. Combining our previous analy-
sis of transcriptional regulators in the regulation of the
electron transport chain, we predicted that the TF Nfe2l2
might act as a key regulator of Ptprm, Nrxn1, Colla2 and
electron transport chain. Nfe2l2 is downregulated in IC
from CRHL and NRHL (Additional file 6: Fig. S6). Our
previous research has shown that the antioxidant astax-
anthin can protect mitochondrial membrane potential
and mitigate cisplatin-induced apoptosis of cochlear
outer hair cells through the regulation of the Nfe2l2 path-
way [46]. Honkura et al. found that increasing Nfe212 and
its downstream gene expression levels were beneficial in
preventing noise-induced hearing loss [47]. Oishi et al.
discovered that activation of the Nfe2l2 pathway in the
mouse cochlea could prevent ARHL through alleviating
oxidative stress-induced damage caused [48]. Hence, our
hypothesis posits that the regulation of Nfe212 may have
a modulatory effect on Ptprm, Nrxnl, Colla2, and elec-
tron transport chain, rendering Nfe2l2, Ptprm, Nrxnl,
and Colla2 potential targets for drug intervention in the
treatment of SNHL.

Conclusion

Our bioinformatics analysis has revealed that despite dif-
ferences in the pathogenesis of ARHL, CRHL and NRHL,
they share common pathways in cochlear SV: oxida-
tive phosphorylation and the electron transport chain,
both of which are associated with mitochondrial energy
metabolism. Downregulation of the mitochondrial elec-
tron transport chain has been observed in various condi-
tions of SNHL. E2f1, Esrrb, Runx1, Yyl, and Gata2 could
serve as novel important common TFs regulating the
electron transport chain. Adm has emerged as a poten-
tial new marker gene for IC, while Itgb5 and Tesc show
promise as potential new marker genes for MC in the SV.
Our research has discovered signaling disruptions among
SV cells in sensorineural hearing loss, with specific cells
exhibiting distinct trends and similar trends under vary-
ing treatment conditions. These findings offer a new per-
spective on SV lesions in SNHL and provide additional
theoretical evidence for the same drug treatment and
prevention of different pathologies of SNHL.
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