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Abstract 

Progressive functional deterioration in the cochlea is associated with age-related hearing loss (ARHL). However, the cellular and 
molecular basis underlying cochlear aging remains largely unknown. Here, we established a dynamic single-cell transcriptomic land-
scape of mouse cochlear aging, in which we characterized aging-associated transcriptomic changes in 27 different cochlear cell types 
across five different time points. Overall, our analysis pinpoints loss of proteostasis and elevated apoptosis as the hallmark features 
of cochlear aging, highlights unexpected age-related transcriptional fluctuations in intermediate cells localized in the stria vascularis 
(SV) and demonstrates that upregulation of endoplasmic reticulum (ER) chaperon protein HSP90AA1 mitigates ER stress-induced 
damages associated with aging. Our work suggests that targeting unfolded protein response pathways may help alleviate aging-re-
lated SV atrophy and hence delay the progression of ARHL.

Keywords single-cell transcriptomic atlas, mouse, cochlea, aging

Introduction
Age-related hearing loss (ARHL), also known as presbycusis, is a 
progressive and irreversible hearing impairment caused by coch-
lear aging. According to epidemiologic studies, the risk of devel-
oping ARHL increases rapidly after the age of 40, with a third of 
people over 65 estimated to be suffering from disabling hearing 
loss (Eggermont, 2017; Wattamwar et al., 2017; Slade et al., 2020; 
Wang and Puel, 2020). Owing to hindering communication and 
leading to social isolation, presbycusis is often associated with 
depression or cognitive decline, which may in turn contribute 
to Alzheimer’s disease (Lin et al., 2011; Fellinger et al., 2012; Ray 
et al., 2018; Jafari et al., 2019; Slade et al., 2020). However, we 

currently have a poor understanding of the regulatory mecha-
nisms at the cellular and molecular levels underlying age-related 
cochlear degeneration.

To enable hearing, sound waves are converted into vibrations 
in the outer and middle ear compartments, which are then con-
verted into fluid waves by a highly specialized set of structural 
and functional components in the inner ear (Ni et al., 2014; Areias 
et al., 2016). The inner ear is a fluid-filled compartment, which 
is small but intricately structured. It contains the equilibrium 
apparatus named vestibular organ (semicircular canals, utricle, 
and saccule) and the hearing organ named cochlea, in which hair 
cells transmit auditory information to the cerebral cortex via 

https://creativecommons.org/licenses/by/4.0/
mailto:qujing@ioz.ac.cn?subject=
mailto:wangsi@xwh.ccmu.edu.cn?subject=
mailto:renjiec@seu.edu.cn?subject=
mailto:ghliu@ioz.ac.cn?subject=


Single-cell transcriptomic atlas of mouse cochlear aging  |  181

Pr
ot

ei
n

 &
 C

el
l

the eighth cranial nerve (Swartz, 2008; Sanders and Gillig, 2010). 
The hair cells reside in the organ of Corti, a part of the cochlea 
where many types of supporting cells are located, and are inner-
vated by spiral ganglion neurons. The modiolus is a spongy bone 
structure that forms the central axis of the cochlea and houses 
several different types of cells, including spiral ganglion neurons 
(the bipolar neurons that transmit all the auditory input to the 
brain), Schwann cells and satellite glial cells (Jeon et al., 2011). 
Another important cochlear structure, the stria vascularis (SV), 
is mainly composed of basal cells, intermediate cells (ICs), and 
marginal cells (Trowe et al., 2011; Korrapati et al., 2019), which 
are wrapped by the spiral ligament that contains fibrocytes that 
produce connective tissue proteins (Furness, 2019). In conjunc-
tion with the spiral ligament, the SV powers the endocochlear 
potential, the high K+ gradient, vital for sound sensation and 
audition (Bowl and Dawson, 2019; Heeringa and Koppl, 2019; Li 
et al., 2020b). Depending upon which cochlear region is primarily 
deteriorated, ARHL is divided into at least four major subtypes: 
sensory (loss of hair cells), neural (loss of cochlear neurons), met-
abolic (atrophy of SV), and cochlear conductive (changes in the 
conduction or resonance of the cochlear duct) (Schuknecht and 
Gacek, 1993; Jafari et al., 2019). However, the precise mechanisms 
that cause age-related degeneration in each cochlear structure 
remain largely unknown.

Although the structural and cellular anatomy of the cochlea 
has been rigorously described, a high-resolution and in-depth 
molecular analysis of this organ that can help us understand 
how age-related molecular changes cause hearing loss remains 
outstanding. In broadly related work, single-cell RNA sequencing 
(scRNA-seq) approaches have identified transcriptional signa-
tures associated with aging and related diseases within multiple 
organs and heterogeneous tissues (Angelidis et al., 2019; He et 
al., 2020; Ma et al., 2020; Tabula Muris, 2020; Wang et al., 2020a, 
2021a; Zhang et al., 2020, 2022; Li et al., 2021; Zou et al., 2021; Cai 
et al., 2022; Leng and Pawelec, 2022; Zhou et al., 2022). However, 
scRNA-seq has not yet been applied to systematically map and 
molecularly profile the structurally and functionally distinct 
cochlear compartments, or potential age-dependent changes.

In this study, we established a comprehensive single-cell 
transcriptomic atlas of mouse cochlear aging at high-tempo-
ral resolution. In the SV, we found that ICs showed pronounced 
transcriptional alterations during aging, among which elevation 
of unfolded protein response (UPR) and apoptosis were the most 
profound. Notably, we discovered that the chaperon HSP90AA1 
was elevated during aging, and the activation of endogenous 
HSP90AA1 alleviated ER stress-induced damages in SV cells, sug-
gesting a compensatory mechanism that may help to prevent SV 
from aging-associated atrophy. Collectively, our study constitutes 
a rich resource for identification of cell type-specific molecular 
alterations along the time course of cochlear aging, and as such, 
will enable the discovery of cochlear aging-associated biomark-
ers, and help identify cellular and molecular programs that can 
be targeted therapeutically in presbycusis.

Results
Aging-associated cochlear disorganization and 
functional decline in mouse
To uncover the cellular and molecular mechanisms of cochlear 
aging, we used C57BL/6J mice, a widely used rodent model of 
ARHL (Willott, 2009; Kane et al., 2012; Oike et al., 2021). To estab-
lish a timeline for assessing phenotypic changes occurring during 

cochlear aging in C57BL/6J mice, we first examined their hearing 
abilities at different ages by auditory brainstem responses (ABRs) 
and distortion product otoacoustic emissions (DPOAEs) (Fig. 
1A–C). Consistent with previous studies, the frequency-specific 
ABR and DPOAE thresholds increased with age (Fig. 1B and 1C), 
suggesting that severe hearing loss has already appeared around 
the age of 5 months (Hequembourg and Liberman, 2001; Kane 
et al., 2012; Mellado Lagarde et al., 2014; Zhang et al., 2015). In 
addition, the endocochlear potential also showed a progressive 
decrease with age, and by the age of 14 months it had reached a 
marked reduction (Fig. 1D), reflecting loss of voltage potential in 
the scala media, which further impaired signaling transduction. 
Next, to identify structural alterations underlying aging-associ-
ated compromised hearing, we collected cochlear tissues from 
mice aged 1, 5, and 15 months for histological analysis. In hema-
toxylin and eosin (H&E)-stained sections, the overall structure of 
the cochlea in the middle-aged (5-month-old) and old (15-month-
old) mice appeared largely comparable to that in young counter-
parts (1-month-old) (Fig. 1E–H). However, when we more closely 
compared different anatomical regions, including the organ of 
Corti, the modiolus, the SV, and the spiral ligament, we found that 
aging differentially affects these regions. Specifically, in the organ 
of Corti, outer hair cells (OHCs) and inner hair cells (IHCs) were 
markedly lost, especially in the basal turn (Figs. 1E and S1A–C), in 
agreement with the known and prominent loss of high-frequency 
hearing at an advanced age (Mianne et al., 2016; Fu et al., 2018; 
Heeringa and Koppl, 2019; Keithley, 2020). Similarly, in 15-month-
old mice, we found that overall cell density and the density of Tuj1-
positive pan-neurons in the modiolus were reduced, particularly 
in the basal turn of the cochlea (Figs. 1F, S1D and S1E). Although 
the cell density in the SV in aged mice was comparable to that in 
the young cochlea, the regional thickness was decreased through-
out the entire cochlear region (Figs. 1G, S1F and S1G), consistent 
with aging-associated SV atrophy known to underlie imbalanced 
endocochlear potential (Fig. 1D). In the spiral ligament, the thick-
ness did not appear to be impacted by aging. However, the cell 
density of both middle and basal turns was lower than it was in 
the young cochlea (Figs. 1H and S1H). In addition, a set of age-re-
lated damages accumulated with advanced age. For instance, 
in line with prior reports of elevated inflammation in the aged 
cochlea (Watson et al., 2017; Bae et al., 2021), we found a massive 
accumulation of infiltrated neutrophils in spiral ligament of the 
aged cochlea (Fig. S1J), particularly in the apical and middle turns. 
Furthermore, levels of the lipid oxidation marker 4-hydroxynon-
enoic acid (4-HNE) were increased throughout the aged modiolus 
(Figs. 1I and S1I), reflecting enhanced oxidative damage in cochlea 
with age. Altogether, these results demonstrated that the cochlea 
underwent both structural and functional degeneration during 
physiological aging.

Comprehensive cellular and molecular 
taxonomy of cochlea based on scRNA-seq
To unveil the gene expression dynamics of cochlear aging at 
temporal resolution, we constructed a high-throughput scR-
NA-seq atlas of the mouse cochlea spanning five time points: 
1, 2, 5, 12, and 15 months of age (Figs. 1A, 2A, and S2E). After 
strict quality control (see Methods), we obtained 45,972 sin-
gle-cell transcriptomes for downstream analysis (Fig. S2A–D) 
and applied uniform manifold approximation and projection 
(UMAP) analysis to resolve the cell type distribution for each 
time point (Figs. 2A and S2E). Since we did not find significant 
gender differences between female and male C57BL/6J mice in 
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Figure 1.  Aging-related phenotypes of mouse cochlea. (A) Diagram showing the procedure of aging phenotypical analysis, single cell RNA sequencing 
(scRNA-seq), and subsequent verification of molecular mechanism. Month, M; Scala Vestibuli, SV; Scala Media, SM; Scala Tympani, ST. (B and C) Line charts 
showing ABR (B) and DPOAE (C) thresholds of 1-, 2-, 5-, 11-, and 14-month-old mice in response to different frequencies. The ABR or DPAOE thresholds of 
2-, 5-, 11-, and 14-month-old mice were compared with those of 1-month-old mice. The quantitative data are presented as the mean ± SEMs (n = 10 mice). 
Two-tailed Student’s t-test P-values were indicated. Month, M. (D) A recording of the endocochlear potential of 1, 5, and 14 months old mice (1 M, n = 8 mice; 
5 M, n = 10 mice; 14 M, n = 8 mice). Data were shown as the mean ± SEMs. Two-tailed Student’s t-test P-values were indicated. Month, M. (E) H&E-staining of 
outer hair cells in the apical, middle, and basal turns of cochleae from 1-, 5-, and 15-month-old mice. Scale bars, 40 and 10 μm (zoomed-in images). The cell 
number was counted and quantified. The number of cells is quantified as fold changes relative to that of apical turn in 1-month-old cochlea (n = 5 mice). 
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the transcriptomic profiling, we presented the data by com-
bining the female and male samples of the same age (Fig. S2F 
and S2G). Through gene-expression profile analysis and based 
on well-defined cell type-specific markers (Figs. 2A, S2E, S3A 
and S3B; Table S1), we identified 27 major cell types that were 
distributed across six groups, including cells localizing in and 
around the organ of Corti, and cells localizing in modiolus, 
Reissner’s membrane, SV and spiral ligament, as well as dif-
ferent types of immune cells (Fig. 2A). Cells localizing in and 
around the organ of Corti included hair cell (HC, Pou4f3+, Pcp4+), 
Deiter cell and pillar cell (DC_PC, Fbxo2+, Skp1a+), Nudt4+ pillar 
cell (Nudt4+), and inner phalangeal cell/inner border cell (IPhC_
IBC, Slc1a3+, S100a6+) (Figs. 2A, 2B and S3C–H) (Nelson et al., 
2007; Oshima et al., 2010; Wan et al., 2014; Burns et al., 2015; 
Waldhaus et al., 2015; Zhou and Hu, 2015; Hoa et al., 2020; 
Chen et al., 2021). Cells in the modiolus comprised five major 
cell types: spiral ganglion neuron (SGN, Nefh+, and Snap25+), sat-
ellite glial cell (SGC, Mog+, and Tubb4a+), Schwann cell (SC, Mpz+, 
and Pmp22+), chondrocyte (CC, Prg4+, and Slc26a2+) (Haila et al., 
2001; Schmidt et al., 2004; Park et al., 2014; Abubacker et al., 
2016; Milon et al., 2021), and osteoblast (OB, Dio2+, and Runx2+) 
(Samee et al., 2008; Wei et al., 2015) (Figs. 2A and S3A). SV was 
constituted of four major cell types: IC (Kcnj10+, and Kcnj13+), 
marginal cell (MC, Kcnq1+, and Kcne1+), basal cell (BC, Tjp1high), 
and capillary endothelial cell (CEC, Ly6c1+, and Vwf+) (Figs. 2A 
and S3A) (Au-Yeung et al., 2004; Wangemann et al., 2004; Jabba 
et al., 2006; Ohlemiller et al., 2009; Yang et al., 2009; Kim et al., 
2013; Vanlandewijck et al., 2018; Korrapati et al., 2019; Brulois 
et al., 2020). Cells in the spiral ligament mainly included four 
fibrocyte subtypes, fibroblast, and smooth muscle cell (SMC). 
Other cell types included cell in Reissner’s membrane (RMC, 
Vmo1+, and Slc26a7+) (Figs. 2A and S3A) (Kim et al., 2014; Barsh 
et al., 2018), as well as various immune cell types (Figs. 2A and 
S3A). Through functional enrichment analysis of the top 50 cell 
type-specific marker genes, we mapped the unique function of 
each cell type (Fig. 2B). For example, mechanoreceptor differ-
entiation mapped to HCs, synaptic vesicle cycle to SGNs, mon-
ovalent inorganic cation homeostasis to ICs, and angiogenesis 
to CECs, etc.

Furthermore, our detailed analysis also identified HC and 
SGN subpopulations based on their canonical marker genes 
and unique functions (Figs. 2C–J, S3I and S3J). For example, IHCs  
and OHCs were distinguished by the expression scores for a com-
bination of highly expressed signature genes for either cell type, 
with the former expressing classical marker genes including 
Syne1 and Dnajc5b, and the latter expressing Slc26a5 and Kcnq4 
(Li et al., 2018). Five SGN subtypes were identified based on their 
unique gene expression signatures, namely, type IA (Chchd10+), 
type IB (Calb+), type IC (Pou4f1+), type II (Th+), and an oligo1+ SGN 
subtype (Li et al., 2018; Petitpre et al., 2018; Shrestha et al., 2018; 
Sun et al., 2018). Collectively, we established a comprehensive cel-
lular and molecular taxonomy of the adult mouse cochlea, serv-
ing as a foundation for age-dependent analysis.

Global transcriptional changes during mouse 
cochlear aging
To decipher aging-related transcriptional perturbations in the 
mouse cochlea, we first performed an overall coefficient of varia-
tion (CV) analysis. We found that the CV increased during aging, 
as manifested by elevated CV values at 2-, 5-, 12-, and 15-month-
old compared with that of 1-month-old, and peaked at 5-month-
old (Fig. 2K). When we compared the CV across all cochlear cells 
between 5-month-old and 1-month-old, we discovered that ICs 
and basal cells located in SV, tympanic border cells (TBCs) located 
under the basilar membrane, and cells in Reissner’s membrane 
exhibited higher CV (Fig. 2L). For other pairwise comparisons 
across ages (2 M vs. 1 M, 12 M vs. 1 M, 15 M vs. 1 M), ICs, basal cells, 
TBCs, marginal cells, and Schwann cells ranked as the top five cell 
types with higher CV (Fig. S4A). Next, we retrieved genes for which 
expression correlated positively with transcriptional fluctuations 
in ICs harboring the highest CV between 5- and 1-month-old (Fig. 
2L), and found several genes known to be associated with age-re-
lated cellular dyshomeostasis or hearing loss (Fig. S4B and S4C). 
For instance, Smad5, a known effector downstream of the TGF-β 
signaling pathway, is reportedly correlated with fibrogenesis and 
inflammation in the cochlea (Bas et al., 2020). Altogether, these 
analyses enabled us to capture cumulative and prominent tran-
scriptomic heterogeneity characteristics of cochlear aging.

Temporal-specific transcriptomic signatures 
during cochlear aging by pairwise differential 
expression analysis
As samples were segregated transcriptionally by age (Fig. 3A), we 
next sought to resolve the temporal resolution of onset and the 
rate of aging as manifested by age-associated gene expression 
alterations. Through analyzing pairwise differentially expressed 
genes (PDEGs) between 1-month-old mice and mice of other ages, 
we discovered that transcriptional changes (a total of 643 PDEGs) 
were already present in the cochlea of the 2-month-old mice 
(Fig. 3B). In addition, around one-fifth (129) of those PDEGs were 
shared by the other three pairwise comparisons at later stages, 
suggesting that the age-related gene expression changes in mice 
are poised in young adults, which may facilitate functional decay 
in later life (Fig. 3B and Table S2). A sharp increase in the num-
ber of PDEGs was observed at the age of 5-month, with relatively 
moderate changes occurring in 12-month and 15-month-old mice 
(Fig. 3B and Table S2). In addition to age-specific gene expres-
sion changes, many PDEGs overlapped at the ages of 5-, 12-, and 
15-month (Fig. 3B and Table S2), suggesting that aging-associ-
ated transcriptional characteristics were largely established by 5 
months of age. Taken together, the cochlear aging gene expres-
sion dynamics indicates a progressive hearing loss with advanced 
age, consistent with the reported phenotypes in C57BL/6J mice 
(Kane et al., 2012; Zhang et al., 2013).

Next, through analysis of the number and frequency (chances 
appearing in each cell type) of PDEGs, we observed a panel of PDEGs 

Two-tailed Student’s t-test P-values were indicated. Month, M. (F) H&E staining of modiolus in the apical, middle, and basal turns from 1-, 5-, and 15-month-old 
mouse cochleae. Scale bars, 40 μm. The cell density is quantified as fold changes relative to that of apical turn in 1-month-old cochlea (n = 5 mice). Two-tailed 
Student’s t-test P-values were indicated. (G) H&E staining of stria vascularis in the apical, middle, and basal turns of cochleae from 1-, 5-, and 15-month-old 
mice. Scale bars, 40 μm and 10 μm (zoomed-in images). The thickness of stria vascularis was counted and quantified as fold changes relative to that of apical 
turn in 1-month-old cochlea (n = 5 mice). Two-tailed Student’s t-test P-values were indicated. (H) H&E staining of spiral ligament in the apical, middle, and 
basal turns of cochleae from 1-, 5-, and 15-month-old mice. Scale bars, 80 and 20 μm (zoomed-in images). The apical, middle, and basal spiral ligament cell 
density were counted and quantified as fold changes relative to that of apical turn in 1-month-old cochlea (n = 5 mice). Two-tailed Student’s t-test P-values 
were indicated. (I) 4-HNE immunofluorescence staining showed elevated intensity of 4-HNE in 5- or 15-month-old mice compared with that in 1-month-old 
mice. Scale bars, 40 and 10 μm (zoomed-in images). The relative intensity is quantified as fold changes relative to that of apical turn in 1-month-old cochlea 
(n = 5 mice). Two-tailed Student’s t-test P-values were indicated.
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Figure 2.  Establishment of single-cell transcriptome landscape of mouse cochlea. (A) Top, UMAP plot showing the distribution of different cell types in cochlea. 
Bottom, the annotation of different cell types. HC, Hair cell; DC_PC, Deiter cell and pillar cell; IPhC_IBC, Inner phalangeal cell/inner border cell; TBC, Tympanic 
border cell; Nudt4+, Nudt4+ pillar cell; EC, Epithelial cell; SGN, Spiral ganglion neuron; SGC, Satellite glial cell; SC, Schwann cell; RMC, cells in Reissner’s membrane; 
IC, Intermediate cell; MC, Marginal cell; BC, Basal cell; CEC, Capillary endothelial cell; SMC, Smooth muscle cell; PVM_M, Perivascular resident macrophage-like 
melanocyte; FB, fibroblast; FC1, Fibrocyte 1; FC2, Fibrocyte 2; FC3, Fibrocyte 3; FC4, Fibrocyte 4; T, T cell; B, B cell; M, Macrophage; Neu, Granulocyte/neutrophil; CC, 
Chondrocyte; OB, Osteoblast. (B) Left, heatmap showing row z-score expression signatures of top 50 cell-type-specific genes. Right, representative Gene Ontology 
(GO) terms for marker genes. (C) UMAP plot showing the distribution of subclusters of HCs. (D) Violin and box plots showing the gene set scores of IHC (top) or 
OHC (bottom) signature genes in different subpopulations of HCs. Boxes show the medians and the quartile ranges (25%–75%), while the lengths of the whiskers 
represent 1.5× the IQR. (E) Violin plots showing the expression levels of select marker genes that are differentially expressed in IHCs and OHCs. Syne1 and Dnajc5b 
mark the IHCs. Slc26a5 and Kcnq4 mark the OHCs. (F) Heatmap showing the gene expression signatures of IHCs and OHCs. (G) UMAP plot showing the distribution 
of subclusters of SGNs. (H) Violin and box plots showing the gene set score of type I (top) or II (bottom) signature genes in different subpopulations of SGN. Boxes 
show the medians and the quartile ranges (25%–75%), while the lengths of the whiskers represent 1.5× the IQR. (I) Violin plots showing the expression levels of 
selected marker genes that are differentially expressed in types I and II SGN. (J) Heatmap showing the gene expression signatures of SGN subtypes. (K) Ridge plot 
showing the shift of CV of cochlear cells with age. P values by Wilcoxon test are indicated. (L) Box plot showing the CV of each cell type at 5-month-old compared 
to that of 1-month-old. Box shows the median and the quartile range (25%–75%) and the length of whiskers represents 1.5× the IQR.
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Figure 3.  Pairwise differential expression analysis reveals cell type-specific temporal signatures during cochlear aging. (A) Principal component 
analysis (PCA) of cochlear single-cell transcriptome data from each age group. (B) Upset plot showing the numbers of age-unique and shared PDEGs for 
pairwise comparisons between different age groups. (C) The smooth line plots showing the expression patterns of the frequency and percentage of the 
upregulated (left) and downregulated (right) PDEGs between 2, 5, 12, 15 months old and 1 month old, individually. Insets show the zoomed-in view of 
the region highlighted by a dashed line to the left. The arrows pointing to the left represent the PDEGs with a frequency less than 3, and the arrows to 
the right represent the PDEGs with a frequency more than 12. (D) Representative GO terms of upregulated PDEGs (left) and downregulated PDEGs (right) 
across four pairwise comparisons between different age groups. (E) Heatmap showing the number of upregulated (left) and downregulated PDEGs (right) 
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with high frequency at the early stage (2 M vs. 1 M), while a larger 
number of PDEGs emerged with low frequency at later stage (15 
M vs. 1 M) (Figs. 3C, S5A–D and Table S2). This pattern implies that 
age-associated gene expression alterations transit from a relatively 
homogeneous state to a more heterogenous and cell type-specific 
state. Accordingly, most genes with high frequency (≥ 12) were 
mainly related to transcription (Upregulated: Tceb2 and Wbp5; 
downregulated: Elob and Cebpd) and translation (Upregulated: 
Rpl13a; downregulated: Nop53 and Rack1) (Fig. S5A and S5B). In con-
trast, upregulated low frequency (≤ 3) genes were related to posi-
tive regulation of cell death, chaperone-mediated protein folding, 
response to oxidative stress, and immune response (Fig. S5C). The 
downregulated genes with low frequency (≤ 3) were associated with 
extracellular matrix organization, regulation of cell adhesion, cation 
transmembrane transport, and ensheathment of neurons (Fig. S5D). 
The overall transcriptional chaos between pairwise comparisons 
suggests that aging PDEGs poised early in life were associated with 
common regulatory machinery, whereas those emerging later were 
involved in diverse and complicated transcriptional disturbance 
underlying age-related damages.

Furthermore, functional enrichment analysis and transcrip-
tional network analysis of PDEGs from four pairwise comparisons 
uncovered similar yet asynchronous characteristics during coch-
lear aging (Figs. 3D, S6A, S6B, and S7A–C). For example, upregu-
lated PDEGs related to response to interferon-beta and protein 
folding were shared by four pairwise comparisons, regulation of 
neuron death and regulation of cellular response to stress were 
shared by the later three or two pairwise comparisons, whereas 
genes associated with tissue remodeling was unique for 15 M vs. 
1 M (Fig. 3D). To further dissect cell type-specific changes under-
lying the onset and rate of cochlear aging, we attributed PDEGs to 
each cell type (Fig. 3E). Consistent with the previous observations, 
the most cell types showed remarkable responses to aging at the 
5-month-old (Fig. 3E). Among these, the top three cell types har-
boring the most upregulated and downregulated PDEGs between 
5- and 1-month were the basal cell, B cell and TBC, while the IC, 
basal cell, and TBC showed the most aging PDEGs at 12-month 
(Fig. 3E). Intriguingly, the largest total number of PDEGs was 
found in the ICs, particularly upregulated PDEGs persisted to the 
month 15, and manifested by enhanced protein folding and reg-
ulation of cell death, as well as dampened rhythmic process and 
cell–cell junction assembly (Fig. 3E and 3F), suggesting progres-
sive and gradual age-related loss of function in ICs. Although HCs 
and SGNs, two crucial functional cell types in the cochlea (Fu et 
al., 2018; Shrestha et al., 2018; Sun et al., 2018; Wu et al., 2020), 
did not exhibit marked transcriptional alterations as manifested 
by the numbers of PDEGs, we still noticed that the molecular 
alterations underlying previously observed phenotypes accu-
mulate with age (Figs. 1E, 1F and 3F). For example, upregulated 
PDEGs associated with DNA repair and neuronal cell death were 
observed in HCs and SGNs, respectively (Fig. 3F), suggesting pres-
ence of age-accumulated impairments in these cells, which may 
contribute to functional decay during cochlear aging.

Next, we performed comparative analysis of newly identi-
fied age-related PDEGs and genes annotated in the Aging Atlas 
(Table S3) (Aging Atlas, 2021), and identified 66 overlapping 

aging-high-risk genes whose expression changes were shared 
across the four pairwise comparisons, and 48 genes with age-spe-
cific expression changes (7, 13, 12, 16 genes for four compari-
sons from consecutive time points) (Fig. S7D). Among the genes 
with shared expression changes were canonical aging markers 
including Cdkn1a, Lmna, Gadd45b, and Gadd45g (Magimaidas et al., 
2016; Brito et al., 2020), heat shock protein-coding genes includ-
ing Hspa1b, Hsp90aa1, and Hspa8, antioxidant protein-coding 
genes including Gpx4 and Prdx1, and genes encoding chemokines 
including Ccl19, Cxcl12, Ccl2, and Ccl7, as well as gene encoding 
secretory factor S100b (Fig. S7D). Given that the senescence-as-
sociated secretory phenotype (SASP) found in senescent cells is 
believed to elicit chronic inflammation and contribute to organ 
aging (Simon et al., 2019; Birch and Gil, 2020), we next compared 
SASP gene set scores of all cochlear cells of different ages (Table 
S3). Throughout the time points, we noticed a gradual increase in 
gene set scores (Fig. 3G). Joint analysis of SASP-related genes and 
upregulated PDEGs revealed core genes including Cxcl12, Ccl2, 
and Ccl7 (Fig. 3H), that likely contribute to the elevated inflam-
mation responses in aged cochlea. Furthermore, we also calcu-
lated gene set scores for annotated hotspot genes from hearing 
maintenance gene set (Table S3) (Hoffmann et al., 2016; Morgan 
et al., 2019; Ingham et al., 2020). As expected, the scores declined 
with age along the successive time points (Fig. 3I), and most of the 
overlapping genes between PDEGs and hearing maintenance-re-
lated genes were decreased (Fig. 3J), further implying a progres-
sive hearing loss with age.

Collectively, our findings portray the kinetics of age-dependent 
PDEGs underlying progressive hearing loss. Specifically, a series 
of accumulated responses to age-related stressors, including 
chronic inflammation, dysregulated protein folding, and oxida-
tive stress along with apoptosis served as the major transcrip-
tional features during cochlear aging.

Cell type-specific age-dependent dynamic gene 
signatures in mouse cochlea
Distinct from pairwise comparisons between two time points, 
multiple time nodes enable analysis of consecutive gene expres-
sion changes at high-temporal resolution, and identification of 
dynamic DEGs (DDEGs) (Zou et al., 2021; Fang et al., 2022). We, 
therefore, calculated gene expression trajectories along with the 
successive time points, and found that these can be clustered into 
six distinct dynamic patterns (Fig. 4A and Table S4). Each module 
contains genes with unique phase and magnitude along the tra-
jectory. For example, in module 1, genes decrease in a nonlinear 
manner across time points, with a plateau between 12 and 15 
months. Conversely, genes in module 6 steadily and persistently 
increase throughout life. Genes in module 2 or module 3 were 
gradually upregulated and decline at later time points, genes in 
module 4 displayed a cosine-like regulation while genes in mod-
ule 5 rapidly decline in the first months and then increase rapidly 
in the aged animals (Fig. 4A).

We next sought to resolve steadily upregulated and down-
regulated DDEGs (module 6 or module 1) in different cell types 
throughout the entire temporal window, as such insight can 
inform mechanistic contributions to sustained and unidirectional 

of each cell types between 2, 5, 12, 15 months old and 1 month old, respectively. (F) Representative GO terms of total PDEGs in ICs (left), HCs (middle) 
and SGNs (right). (G) Ridge plot showing the AUC score of SASP-related genes in cochlear cells from 1-, 2-, 5-, 12-, and 15-month-old mice. (H) Network 
plot showing the upregulated PDEGs overlapped with genes from SASP gene set. The node size indicates the frequency of PDEGs appeared across four 
pairwise comparisons. (I) Ridge plot showing the AUC score of hearing maintenance-related genes in cochlear cells from 1-, 2-, 5-, 12-, and 15-month-old 
mice. (J) Network plot showing the PDEGs overlapped with hearing maintenance-related genes. The node size indicates the frequency of PDEGs appeared 
across four pairwise comparisons.
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Figure 4.  Dynamic differential expression analysis uncovers transcriptional signatures during cochlear aging. (A) Heatmaps showing dynamic DEGs 
(DDEGs) with six different expression patterns. The corresponding gene expression trajectories and representative GO terms are shown in the middle 
and right panels. (B) Heatmap showing the number of upregulated DDEGs (module 6) and downregulated DDEGs (module1) in each cell type. (C and 
D) Representative GO terms of upregulated DDEGs (module 6) (C) and downregulated DDEGs (module 1) (D) in the different cochlear cell types. Count 
indicates gene number. (E) Plots showing the upregulated DDEGs (left) shared by at least five cell types and downregulated DDEGs (right) shared by at 
least four cell types. (F) Network plot showing the upregulated and downregulated DDEGs overlapped with genes annotated in Aging Atlas database. 
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effects on cochlear aging (Schaum et al., 2020). Based on the 
total number of DDEGs (module 6 or module 1), the top five cell 
types included IC, chondrocyte (CC), macrophage (M), Schwann 
cell (SC), and B cell (B) (Fig. 4B), suggesting their susceptibility to 
aging. We discovered that pronounced upregulated DDEGs were 
associated with four main functions: (i) protein folding (Hsp90aa1, 
Calr, and Hspa5), (ii) apoptotic signaling pathway (Atf4, Ddit3, and 
Casp3), (iii) positive regulation of adaptive immune response 
(S100a8, S100a9, and Ifi35), and (iv) response to oxidative stress 
(Apoe, Sod2, and Gpx4) (Figs. 4C, S8A and S8B), while pronounced 
downregulated DDEGs were associated with cell-substrate adhe-
sion (Otoa, Col3a1, and Actg1), extracellular matrix organization 
(Aebp1, Serpinh1, and Col2a1), rhythmic process (Dbp, Per3, and 
Nr1d1), and cation transmembrane transport (Kcnj13, Slc25a4, and 
Atp1a1) (Figs. 4D, S8A and S8B).

To further delineate gene expression changes across all 
cell types during the aging process, we identified a total of 
103 DDEGs that were consistently upregulated in at least five 
cell types, along with 88 genes consistently downregulated in 
at least four cell types (Fig. 4E), several of which have been 
experimentally validated by immunostaining (Figs. S9A–C). The 
top 10 frequently upregulated genes included H2-K1, B2m, H2-
D1, Isg15, Bst2, Hsp90aa1, Hsp90ab1, Bst2, Ifi27l2a, Mt2, S100a8, 
and the top 10 shared downregulated genes were Rbm3, Dct, 
Sparc, Dbp, Coch, Col1a2, Atp1b1, Ccnd2, Ptgds, and Car14 (Fig. 4E). 
Notably, most of the shared DDEGs showed similar function 
to that of total DDEGs (Fig. S9D and S9E). For example, shared 
upregulated DDEGs were correlated with protein folding (Fig. 
S9D and S9E). In addition, we performed an integrative com-
parative analysis of DDEGs with aging-associated genes from 
the Aging Atlas database (Aging Atlas, 2021). Interestingly, the 
top aging-high-risk genes encoded the chaperones HSP90AA1, 
HSPA1B, HSPA1A, and HSPA8 (Fig. 4F), whose consistent upreg-
ulation further points to an age-associated increased physio-
logical requirement for conformational folding and assembly 
of other misfolded macromolecules (Saibil, 2013). Interestingly, 
persistently upregulated and downregulated DDEGs in HCs and 
SGNs also demonstrated age-related damages that may facil-
itate cochlear degeneration (Fig. S9F and S9G). For instance, 
Nsmce3, an upregulated DDEG in HCs, encodes a subunit of 
the SMC5/6 complex that is involved in DNA damage response 
(van der Crabben et al., 2016). Among the upregulated DDEGs 
in SGNs, Sncb encodes a member of a small family of proteins 
that inhibit phospholipase D2, which is abundant in neurofi-
brillary lesions of patients with Alzheimer’s disease and has 
been reported to trigger oxidative stress and inflammatory 
responses in the aged retina (Hadrian et al., 2019).

To explore how aging-associated DDEGs are regulated, we car-
ried out a transcriptional regulatory network analysis across all 
the cochlear cell types (Fig. 4G). Among the top transcriptional 
regulators modulating upregulated DDEGs, a few were related 
to immune response including Cebpb (CCAAT enhancer binding 
protein beta) and Stat3 (signal transducer and activator of tran-
scription 3), Irf7 (Interferon regulatory factor 7), whereas others 
were involved in the UPR, such as Xbp1 (X-Box binding protein 1), 
Atf4 (Activating transcription factor 4), and Ddit3 (DNA damage 

inducible transcript 3), and apoptosis, including Atf3 (activating 
transcription factor 3) (Fig. 4G). As for transcriptional modulators 
of downregulated DDEGs, Dbp (D-Box-binding PAR BZIP transcrip-
tion factor), Nr1d1 (nuclear receptor subfamily 1 group D mem-
ber 1), and Nr1d2 (nuclear receptor subfamily 1 group D member 
2) are involved in circadian rhythm regulation (Fig. 4G). Among 
upregulated transcriptional regulators, we noticed that ER stress 
and apoptosis-associated transcription factors (TFs) Xbp1 and 
Atf3 as well as their target genes increased in an age-dependent 
manner (Fig. 4H–J), suggesting that these are core factors may 
contribute to the corresponding age-related phenotypes.

Elevated UPR in aged intermediate cells
Based on our analysis, IC located in SV emerged as a cell 
type with dramatic perturbations in transcriptome. When we 
resolved the function of DDEGs in ICs, we found a negative 
correlation with cellular sodium ion homeostasis, melanin bio-
synthetic process, and gap junction assembly, suggesting com-
promised IC functions during aging (Fig. 5A) (Kim et al., 2013; 
Zhao, 2016). Consistent with previous findings, upregulated 
DDEGs in ICs had a positive relevance with UPR-associated 
pathways, including those in response to topologically incor-
rect protein, the HSP90 chaperone cycle, and apoptosis (Fig. 5A). 
When we analyzed the expression scores of UPR-associated 
genes, and the scores for the components in three major 
branching pathways of UPR, including ATF6, IRE1, and PERK 
signaling (Table S3), we found that all were consistently upreg-
ulated with age (Fig. 5B and 5C). Concurrently, we also exam-
ined gene scores for ER chaperones, ER-associated degradation 
(ERAD), nuclear factor erythroid 2-related factor 2 (NRF2) 
pathways and oxidoreductases (Fig. 5D and Table S3), which 
are the adaptive downstream cascades for the three major sig-
naling pathways and can safeguard cells by either promoting 
protein (re)folding, degradation, or elicitation of antioxidant 
response (Xu et al., 2005; Wang et al., 2018; Gonzalez-Teuber 
et al., 2019; Li et al., 2020a). In this regard, the scores for all 
the downstream cascades of UPR were consistently upregu-
lated with age in ICs (Fig. 5D and Table S3). Meanwhile, the 
gene set score for the apoptotic pathway, the principal cascade 
for PERK signaling was also upregulated with age (Fig. 5E and 
Table S3), suggesting that the adaptive UPR was not sufficient 
to counteract the unremitting ER stress and failed to reverse 
the age-related impairments in aged cochlea. In line with these 
findings, aggresome fluorescence intensity in ICs (Kcnj10+) and 
the proportion of TUNEL-positive cells markedly increased in 
SV tissues from 5- and 15-month-old mouse cochleae relative 
to those in 1-month-old mice (Fig. 5F and 5G).

As potentially critical regulators underlying the age-de-
pendent defects, we discovered 36 shared genes between 
upregulated DDEGs and UPR-related genes, including a vari-
ety of chaperone-encoding genes Hsp90aa1, Hspa5, Hspa1a, 
Hsp90b1, and Hsp90ab1 (Fig. 5H). Hence, chaperone-mediated 
protein refolding may represent one of the core adaptation 
mechanisms triggered by ER stress in aged ICs. Hsp90aa1 (heat 
shock protein 90 alpha family class A member 1), ranked as the 
top one, was one of the most frequently occurring upregulated 

The node size indicates the frequency of DDEGs appeared across different cell types. (G) Network visualization of upregulated (left) and downregulated 
(right) core regulatory transcription factors (TFs) across all cell types during cochlear aging. Outer nodes represent different cell types, and the size of 
outer nodes indicates the number of target genes involved in this cell type. (H) Violin plots showing the expression levels of core transcription factors 
Xbp1 and Atf3 in 1-, 2-, 5-, 12-, and 15-month-old mouse cochleae. (I) Ridge plots showing the gene set scores of Xbp1 and Atf3 target genes in 1-, 2-, 
5-, 12-, and 15-month-old mouse cochleae. (J) Representative GO terms enriched for XBP1 target genes (top) and ATF3 target genes (bottom). Count 
indicates gene number.
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Figure 5.  Transcriptional profiles of intermediate cells during aging. (A) Network graph visualizing representative GO terms and pathways of upregulated 
DDEGs (left) and downregulated DDEGs (right) in intermediate cells. The size of the node is proportional to the total number of hits that fall into that specific 
term. Two terms with similarity > 0.3 are connected by a line. (B) Left, a schematic showing three principal branches and corresponding core components in the 
UPR pathway. Right, Violin and box plot showing the gene set scores of UPR pathway in intermediate cells across different time points. Box shows the median 
and the quartile range (25%–75%) and the length of whiskers represents 1.5× the IQR. P values by Wilcoxon test are indicated. (C) Violin and box plots showing 
the gene set scores of ATF6, IRE1, and PERK signal pathways in intermediate cells from 1-, 2-, 5-, 12-, and 15-month-old mice. (D) Violin and box plots showing 
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genes overlapped by DDEGs and annotated genes in Aging 
Atlas database as mentioned earlier (Figs. 4F, 5H, 5I, and S10A). 
In support of the gene expression data, RNA in situ hybridi-
zation (RNA–ISH) and Western blot assays also demonstrated 
the age-dependent elevation of HSP90AA1 levels (Figs. 5J and 
S10B). Altogether, these findings revealed that Hsp90aa1, an ER 
chaperone-coding gene, was the most commonly upregulated 
PDEGs and DDEGs in mouse cochlea and particularly in aged 
ICs, which suggests that targeting Hsp90aa1 directly or indi-
rectly could be a therapeutic strategy for mitigating cochlear 
aging-related dysfunction.

Upregulation of chaperon HSP90AA1 alleviates 
the ER stress damages in SV cells
To explore the potential of a chaperon-based mechanism, we 
asked whether genetic manipulation of Hsp90aa1 could alter 
ER stress-induced phenotypes in the mouse cochlear SV cells 
(Figs. 6A and S10C). First, to mimic a physiological change that 
resembles mechanisms that might occur in cochlear aging in 
vitro, we treated SV cells with the canonical ER stressor tunica-
mycin (TM) (Zhang et al., 2014), and found that TM treatment 
resulted in an elevated stress response featured by increased 
levels of misfolded protein aggregates and apoptosis (Figs. 
6C, 6D and S10D–F), which were exacerbated upon silencing 
of Hsp90aa1 by CRISPR-mediated knockdown (Fig. S10G–I). 
Conversely, when we induced endogenous HSP90AA1 expres-
sion in SV cells using a CRISPR-dCas9 transcriptional activa-
tion system (Fig. 6B) (Joung et al., 2017; Hu et al., 2020), we 
noticed that the elevated levels of protein aggregates and apop-
tosis induced by TM challenge were alleviated (Fig. 6C and 6D). 
Furthermore, RNA-seq analysis also indicated that HSP90AA1 
activation reversed the TM stress-induced transcriptional 
profile, and generated a gene expression profile more closely 
resembling that of the TM-untreated state (Figs. 6E, 6F, S10J 
and S10K; Table S5). For instance, the escalated expression 
levels of genes such as the core UPR TFs-coding genes Atf4, 
Xbp1, and Atf6, chaperons-coding genes Hyou1, Hsp90b1, and 
Calr, associated with ER stress, Ddit3 and Atf4, associated with 
apoptosis, were repressed in HSP90AA1-activated SV cells (Fig. 
6G and 6H). To confirm the RNA-seq results, we validated the 
restored expression of a few of the key affected genes involved 
in response to ER stress (Calr, Hsp90b1, Ddit3, and Xbp1) by 
RT-qPCR (Fig. 6I). Finally, we asked whether the transcriptional 
changes we had detected in SV cells in vitro were similar to 
those in mouse SV cells during cochlear aging. Indeed, we iden-
tified 32 genes that were shared between downregulated genes 
upon HSP90AA1-activation and upregulated DDEGs in SV cells, 
including a panel of genes encoding UPR-related chaperons or 
TFs (Hspa5, Hsp90b1, Xbp1, Calr, Atf3, Dnajc3, Ddit3, etc.) (Fig. 6J). 
In conclusion, our findings demonstrate that HSP90AA1 activa-
tion counteracts deleterious effects of ER stress in SV cells by 

dampening the protein aggregates and accompanying cellular 
apoptosis.

Discussion
Age-dependent and progressive functional deterioration in cochlea 
is a known component of ARHL, however, as for most degenerative 
processes, its underlying and potential molecular mechanisms have 
remained largely elusive. In the present study, we have constructed 
a single-cell transcriptome landscape of mouse cochlear aging. Our 
analysis spans five cochlear regions across five time points for which 
we identified 27 cell types based on their unique transcriptional pro-
files. By using pairwise and dynamic differential expression analysis, 
we found that cochlear aging is characterized by increased ER and 
oxidative stress, and elevated inflammation and apoptosis in a vari-
ety of cochlear cells. Among them, we discovered that ICs in the SV 
are a cell population with the highest CV along with the most PDEGs 
and DDEGs, and with gradual and persistent upregulation of a com-
pensatory ER chaperon-coding gene Hsp90aa1. In functional exper-
iments, activation of HSP90AA1 can alleviate ER stress-induced 
damages. In summary, our work provides a rich resource for mining 
cellular and molecular mechanisms of cochlear aging at high tem-
poral and single-cell resolution, and for advancing development of 
diagnostic and therapeutic interventional strategies against ARHL 
(Fig. 6K).

Age-related functional deterioration in cochlea is associated with 
a range of hearing disorders, placing the cochlea, a multicompart-
mental and complex structure, at the forefront of both fundamental 
biological research and translational neurobiology. Although several 
pioneering studies described the cell composition of the cochlear 
sensory epithelium, sensory neurons, and SV at single-cell resolu-
tion (Burns et al., 2015; Waldhaus et al., 2015; Ellwanger et al., 2018; 
Petitpre et al., 2018; Shrestha et al., 2018; Sun et al., 2018; Korrapati 
et al., 2019; Zhu et al., 2019; Kolla et al., 2020; Janesick et al., 2021; 
Kubota et al., 2021; Milon et al., 2021), a tissue-level transcriptional 
profiling analysis that reveals the full cellular complexity and cell 
type-specific molecular properties across the entire cochlea was 
lacking. By utilizing an optimized single-cell disassociation pro-
cedure (see Methods), we have established a single-cell transcrip-
tome atlas for mouse cochlea that captures a broad spectrum of 
cell types from five major regions, including the organ of Corti, the 
modiolus, the Reissner’s membrane, the SV, and the spiral ligament 
across five time points. This atlas broadens our understanding of 
cell identities and cell type-specific signatures in mouse cochlea, 
and lays a foundation for investigating the cellular and molecular 
changes in physiological and pathological conditions. Due to the 
known technological difficulties associated with isolating mature 
neurons with intact dendrites and axons, we only captured a small 
number of SGNs (Petitpre et al., 2018; Shrestha et al., 2018; Sun et 
al., 2018). It is possible that single-nucleus RNA sequencing and spa-
tial transcriptomic analysis are technologies better suited to capture 

the gene set scores of ER chaperones, ERAD and NRF2 pathways, oxidoreductases in intermediate cells from 1-, 2-, 5-, 12-, and 15-month-old mice. (E) Violin 
and box plot showing the gene set scores of apoptosis in intermediate cells from 1-, 2-, 5-, 12-, and 15-month-old mice. (F) Co-staining of aggresome and Kcnj10 
in the 1-, 5-, and 15-month-old cochlear samples. Scale bars, 20 μm. The relative intensity of aggresomes in Kcnj10-positive areas and the relative number of 
Kcnj10-positive cells are quantified as fold changes and presented as the mean ± SEMs (n = 5 mice). Two-tailed Student’s t-test P values were indicated. (G) 
TUNEL staining in the 1-, 5-, and 15-month-old cochlear samples. Scale bars, 20 and 5 μm (zoomed-in images). The percentage of apoptotic cells was presented 
as the mean ± SEMs (n = 5 mice). Two-tailed Student’s t-test P-values were indicated. (H) Left, Venn diagram showing an overlap between upregulated DDEGs in 
intermediate cells and UPR-related genes. Right, heatmap showing the expression levels of the top 10 (accumulated fold changes) overlapping genes. (I) Violin 
and box plot showing the expression levels of Hsp90aa1 in intermediate cells from 1-, 2-, 5-, 12-, and 15-month-old mice. (J) RNA-ISH of Hsp90aa1 in cochlear 
SV from 1-, 5-, and 15-month-old mice. Representative images are shown on the left; the relative intensity of Hsp90aa1 is quantified as fold changes relative 
to that of apical turn in 1-month-old cochlea (n = 5 mice). Two-tailed Student’s t-test P-values were indicated. The values are shown as mean ± SEMs on the 
right. Scale bars, 20 μm. Month, M.
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Figure 6.  Activation of HSP90AA1 prevents loss of proteostasis and alleviates apoptosis in stria vascularis cells. (A) Schematic of CRISPR-dCas9 
transcriptional activation system-based HSP90AA1 activation and phenotypic and mechanism analysis. NTC, non-targeting control. Veh, vehicle; 
TM, Tunicamycin. (B) Western blot and band intensity quantification of HSP90AA1 protein levels in stria vascularis cells (SV-K1) transduced with 
non-targeting or Hsp90aa1-targeting sgRNA. Data are presented as the mean ± SEMs, n = 3 biological repeats. Two-tailed Student’s t-test P-value was 
indicated. Representative data from one of the three independent experiments. sg-N, sg-NTC; sg-H, sg-Hsp90aa1. (C) Left, aggresome intensity analysis of 
stria vascularis cells transduced with non-targeting or Hsp90aa1-targeting sgRNA after treatment with vehicle or tunicamycin. Right, data are presented 
as mean ± SEMs, n = 3 biological repeats. Two-tailed Student’s t-test P-values were indicated. Representative data from one of the three independent 
experiments. (D) Left, apoptosis analysis of stria vascularis cells transduced with non-targeting or Hsp90aa1-targeting sgRNA after treatment with 
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hard-to-detect or even undetectable cell types (He et al., 2020; Dar et 
al., 2021; Zhang et al., 2021), and allow for measuring their transcrip-
tional profiles. Another notable caveat for studying cochlear aging is 
the scarcity in the number of HCs, which serves as technical restric-
tion impeding a comprehensive analysis in this study as well as in 
others (Chen and Corey, 2002; Gong et al., 2006; Barsh et al., 2018). 
Therefore, genetic labeling with GFP followed by fluorescence-acti-
vated cell sorting (FACS) or manually picking to enrich HCs or SGNs 
before subjecting them to in-depth scRNA-seq might be required 
(Waldhaus et al., 2015; Barsh et al., 2018; Petitpre et al., 2018; Ranum 
et al., 2019; Milon et al., 2021; Liu et al., 2022).

In comparison with other mouse strains or animal species, 
C57BL/6J mice recapitulate relatively more aspects of human 
ARHL including the dynamics of hearing loss and the pattern of 
cellular degeneration (Li and Borg, 1991; Le Calvez et al., 1998; 
Zheng et al., 1999; Popelar et al., 2003; Keithley et al., 2004; Fetoni 
et al., 2011; Seo et al., 2021; Xue et al., 2021). By using this model, 
we determined the dynamics of cochlear aging at a high-temporal 
resolution by pairwise and dynamic analyses of transcriptional 
profiles, and found that age-related gene expression alterations in 
the mouse first appeared around 2 months of age, whereas dra-
matic changes were already present at the fifth month, and then 
persisted until the 15th month, which was in line with the pheno-
typic characteristics of the C57BL/6J mouse model (Hequembourg 
and Liberman, 2001; Kane et al., 2012; Mellado Lagarde et al., 2014; 
Zhang et al., 2015). Of note, we identified ICs in the SV with the 
highest CV at each time point, alongside the most age-depend-
ent DDEGs throughout life. This finding was consistent with the 
notion that stria presbycusis exhibits slow and progressive hear-
ing loss probably due to SV atrophy and subsequential dysfunc-
tion of endolymphatic metabolism, exacerbating accumulation 
of age-related damages (Suzuki et al., 2006; Yang et al., 2013). Our 
data not only unveiled the transcriptomic changes underlying the 
onset time and progression of ARHL at high-temporal resolution 
and in a cell type-specific manner, but also suggested a crucial 
role of SV whose dysfunction may underlie presbycusis. However, 
it should be noted that C57BL/6J mice may have limitations as a 
model for cochlear aging research, such as carrying Cdh23 muta-
tion. In the future, better models more resembling human ARHL 
(e.g., non-human primates) are in urgent need (Zou et al., 2022).

In the present study, we demonstrated that escalated inflamma-
tion and oxidative stress as well as apoptosis are key features across 
the timeline of cochlear aging, which was supported by prior stud-
ies (Staecker et al., 2001; Su et al., 2020). Notably, we identified UPR 
as a prominent feature of cochlear aging, evidenced by a series of 
persistently elevated adaptive and apoptotic UPRs. Adaptive UPRs 
included increased expression of a large number of ER chaperons 
such as heat shock family proteins, as well as core components of 
the ERAD pathway in the aged ICs, which help to enhance the pro-
tein folding capacity and remove misfolded proteins (Xu et al., 2005; 
Mori, 2009; Urra et al., 2016; Li et al., 2020a). In addition, we found 
a persistently elevated PERK pathway in the aged ICs, which can 
repress mRNAs translation and reduce the influx of new proteins 

into the ER. These findings together suggest that several compen-
satory mechanisms that to some extent defy aging pressure may 
co-exist in the cochlea. Although cells initially aim to compensate 
for damage through those adaptive pathways, the extent of apop-
tosis we observed in the aged cochlea implies that excessive and 
prolonged ER stress triggered cell death to dispense of dysfunctional 
cells (Xu et al., 2005; Zhang and Kaufman, 2006; Mori, 2009; Walter 
and Ron, 2011; Read and Schroder, 2021). Ultimately, we surmise 
that an aging-associated mechanism that leads to elevation of phys-
iological UPR levels can only compensate but not prevent cochlear 
aging. Although a previous study found a decrease in the expression 
of GRP78 as a crucial molecular chaperon in aged cochlea, they also 
observed that ubiquitinated proteins and apoptotic cells accumu-
lated in the aged cochlea (Wang et al., 2015). To further untangle 
the regulatory mechanism of UPR underlying the cochlear aging, 
in-depth mechanistic investigations are needed in the future.

Interestingly, we identified ER chaperon-coding gene Hsp90aa1 
as one of the top upregulated genes during cochlear aging. 
Although HSP90AA1 is a known stress-inducible protein that aids 
protein folding to maintain cell homeostasis, to our knowledge, 
it has not previously been linked to cochlear IC aging. Under the 
pressure of noise, HSP90AA1 has shown a certain protective effect 
on the cochlea (Jongkamonwiwat et al., 2020), suggesting a plau-
sible protective role in other auditory pathological conditions. In 
addition, upregulation of HSP90AA1 was also observed in aged 
human skin melanocytes and primate immune cells (Aging Atlas, 
2021), strengthening the potential connection between HSP90AA1 
and aging. Indeed, a study in rats showed that metformin, a 
well-known drug shown to delay aging and extend health span 
in animals, attenuated d-galactose-induced aging-associated 
hearing loss by reducing the expression of ER stress-associated 
proteins including HSP90, HSP60, CHOP, and GRP78 (Cai et al., 
2020). Intriguingly, HSP90AA1 was recently reported to function 
as a secretory protein involved in many biological processes (Kim 
et al., 2021). Whether any diagnostic or targeted intervention 
strategies for presbycusis can be developed based on HSP90AA1 
requires further investigation.

In summary, by constructing a single-cell resolution transcrip-
tomic atlas of mouse cochlear aging, we provided a resource for 
advancing in-depth understanding of mechanisms underlying 
physiological aging of a complex auditory organ. We identified that 
loss of proteostasis is a hallmark of cochlear aging, thus selective 
targeting of the UPR pathway or its core regulators may pave the 
way toward development of therapeutic approaches for delaying 
the onset of physiological cochlear aging and presbycusis.

Methods
Animals
C57BL/6J mice used in this study were purchased from SiPeiFu 
(Beijing) Biotechnology Co. Ltd. and kept in a quiet environment 
with enough water and food under a standard 12:12-h light-dark 
(LD) cycles with 22°C and 55% humidity.

vehicle or TM. Right, the percentages of apoptotic cells are presented as mean ± SEMs, n = 3 biological repeats. Two-tailed Student’s t-test P-values were 
indicated. Representative data from one of the three independent experiments. (E) Venn diagram showed the number and percentage of upregulated 
(top) and downregulated (bottom) DEGs rescued by activated HSP90AA1 upon TM treatment. (F) Heatmap showing the expression levels of upregulated 
and downregulated DEGs rescued by activated HSP90AA1 upon TM treatment. (G) Representative GO terms of upregulated (top) and downregulated 
(bottom) DEGs rescued by activated HSP90AA1. Count indicates gene number. (H) Heatmaps showing the relative expression levels of genes related to 
response to ER stress and apoptosis in different groups. (I) The relative expression levels of indicated genes by RT-qPCR. Data are presented as mean ± 
SEMs, n = 3 biological repeats. Two-tailed Student’s t-test P values were indicated. A representative data from one of the three independent experiments. 
(J) The Venn diagram showing the genes shared by downregulated DEGs rescued by activated HSP90AA1 and upregulated DDEGs of stria vascularis. (K) 
Schematic illustration of the phenotypic changes and molecular mechanism of cochlear aging in mice.
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Cells
SV cells (SV–k1) were purchased from Bluefbio in China. Cell cul-
ture was carried out as reported previously (Gratton et al., 2002). 
In brief, the cells were cultured in High glucose medium (Hyclone, 
sh30022.01) supplemented with 10% fetal bovine serum (FBS) 
(GIBCO, 10270-106), 100 U/mL penicillin and 10 mg/mL strepto-
mycin (Thermo Fisher Scientific) in permissive growth condition. 
80% confluent cultures were detached with 0.25% Tryple (Gibco, 
12605010) and then split at a ratio of 1꞉5. All the cell cultures 
were tested negative for mycoplasma contamination. Cells were 
cultured under permissive conditions to 80% confluence, then 
transferred to nonpermissive conditions for 24  h, followed by 
treatment with 1 μg/mL TM for 2 h and replaced with fresh cul-
ture medium. 16 h later, apoptosis levels and fluorescence inten-
sity of aggresome were analyzed.

ABR
The ABR threshold is determined as described previously (Fu et 
al., 2018). Briefly, mice were deeply anesthetized by intraperitoneal 
injection of pentobarbital sodium (50 mg/kg body weight). The tem-
perature of the mice was maintained at 37°C using a heating pad 
in an acoustic shielding chamber. Output stimuli were calibrated at 
the beginning of experiment with a one-quarter inch microphone 
(PCB Piezotronics model PCB-378C01; or Bruel and Kjær, 4939A011 
and 2690A0S1) positioned where an experimental animal’s ear 
would be. Three silver wire electrodes were inserted into the skin to 
record the responses: the active electrode was inserted into the top 
of the skull between the ears of the mice, the reference electrode 
was inserted under the right ear of the mice, and the ground elec-
trode was inserted into the dorsal midline. Tone burst stimuli (8, 12, 
16, 24, and 32 kHz) were presented at a rate of 21.1 per second, and 
responses were recorded using a Tucker-Davis Technologies System 
(TDT, USA) workstation running BioSigRZ software. The intensity of 
the input stimulus was initially set at 90 decibels sound pressure 
level (dB SPL) and then decreased every 5 dB until the threshold 
level was reached. The threshold was defined as the lowest sound 
intensity at which the reproducible waves were visually identifiable. 
Blinding procedures were applied to hearing assessment across dif-
ferent ages in mice.

DPOAEs
DPOAE responses of 2f1-f2 were measured using the Real-time 
Signal Processing System II from Tucker-Davis Technologies as 
described previously (Fu et al., 2018). Output stimuli were calibrated 
as in ABR measurement. Two level (L1 = 80 dB SPL, L2 = 75 dB SPL) 
primary signals (f1 and f2), with f2/f1 = 1.22. DPOAE response thresh-
olds were recorded across a range of frequencies (8, 12, 16, 24, and 
32 kHz). The primary tones produced by two separate speakers (EC1 
closed-field speakers, TDT), DPOAE recordings were made with a 
low-noise microphone ER 10B (Etymotic Research, Elk Grove Village, 
IL). A peak at 2f1-f2 in the spectrum was accepted as a DPOAE if it 
was 3 dB above the noise floor. Blinding procedures were applied to 
hearing assessment across different ages in mice.

Endocochlear potential determination
Endocochlear potential determination was performed as 
described previously (Mei et al., 2017). Briefly, after anesthesia, 
the mouse cochlea was exposed by a ventral approach. Then, 
the tympanic bulla was opened, tissue and muscle covering the 
bulla were carefully removed, and a small opening was made 
with a small pick. A glass capillary microelectrode filled with 
150 mmol/L KCl was installed on a Leica micromanipulator. The 

ground electrode was inserted into the dorsal neck muscle and 
the microelectrode was inserted into the middle stage through 
the lateral wall of the cochlear duct. The response from the 
microelectrode was amplified using an Axopatch 200 B amplifier 
in current clamp mode and captured using pClamp 10 software.

Paraffin-embedded and frozen sections
After sacrifice by cervical vertebrae dislocation, the temporal 
bones were dissociated from mouse inner ear, a hole on the api-
cal cochleae was made and tissue was fixed in 4% paraformal-
dehyde (Dingguo, AR-0211) in PBS for about 24 h at 4°C, followed 
by three washes with PBS and decalcification with 10% EDTA for 
72  h at 4°C to completely soften the cochlea. For paraffin-em-
bedded sections, the cochleae were dehydrated by gradient alco-
hol and then embedded in paraffin, and cut into 5 μm sections. 
For the frozen sections, the completely decalcified cochleae were 
dehydrated with 15% sucrose solution and 30% sucrose solution 
and were embedded in optimal cutting temperature (OCT) com-
pound (Sakura Finetek, 4583), snap-frozen in liquid nitrogen and 
then stored at −80°C. Frozen samples were cut into 8-μm sections 
using a CM 1850 cryostat (Leica Microsystems Nussloch).

H&E staining
H&E staining was performed as previously described (Kharkovets 
et al., 2006; Frisina et al., 2016). Slides were placed in a series of 
clearing xylene solutions for 30 min and rehydrated in a graded 
series of ethanol (100%, 100%, 95%, 80%, 70%, and 50%) and briefly 
washed in distilled water. The slides were then incubated with 
hematoxylin (Service bio, China) for 5 min, and washed with run-
ning tap water to remove excess hematoxylin followed by differ-
entiation in 1% acid alcohol for 10 s and washed with running tap 
water for 1 min. This step was followed by an incubation in the 
eosin counterstain, subsequent dehydration in a graded series of 
ethanol (80%, 95%, 95%, 95%, 100%, and 100%), and immersion 
in xylene. At last, the slides were cover-slipped with resinous 
mounting medium.

Tissue immunostaining
Frozen sections were washed in PBS for 5 min and then fixed by 
4% paraformaldehyde (Dingguo, AR-0211) in PBS for 25  min at 
room temperature (RT). Paraffin-embedded sections were dep-
araffinized in xylene and rehydrated through gradient alcohol 
(100%, 100%, 90%, 80%, 70%, and 50%). After rinsing in distilled 
water, antigen retrieval was performed by microwaving the slides 
in 10 mmol/L sodium citrate buffer (pH 6.0) three times for 5 min 
each. Upon cooling down to RT, the sections were rinsed in PBS for 
three times. Then frozen sections or paraffin-embedded sections 
were permeabilized and blocked for 1 h at RT in PBS with 0.4% 
Triton™ X-100 (Sigma-Aldrich, T9284) and 10% donkey serum in 
PBS, respectively. Sections were then incubated with the appropri-
ate primary antibodies (Rabbit anti-Neutrophil Elastase, Abcam, 
ab21595; Rabbit anti-4-Hydroxynonenal, Abcam, ab46545; Rabbit 
anti-β-Tubulin III (Tuj1), Sigma, T2200 Rabbit anti-myosin 7a, 
Proteus Bioscience, 25-6790; Rabbit anti-CALR, Abcam, ab92516; 
Rabbit anti-MRP8, Abcam, ab180735; Rabbit anti-S100A9, Abcam, 
ab92507) in 10% donkey serum overnight at 4°C, followed by incu-
bating with secondary antibodies and Hoechst 33342 (Thermo 
Fisher Scientific, H3570) for 1  h at RT. After additional several 
washes, the sections were mounted with VECTASHIELD Antifade 
Mounting Medium (Vector Laboratories, H-1000), and images 
were obtained with a confocal laser-scanning microscope (Zeiss 
900 confocal system).
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Aggresome staining
Aggresome staining was performed following the manufacturer’s 
protocol (Enzo, ENZ-51035-K100). Frozen sections were fixed by 4% 
paraformaldehyde (Dingguo, AR-0211) in PBS for 15 min followed by 
permeabilization with 0.3% Triton™ X-100 (Sigma-Aldrich, T9284) 
for 7 min, incubated with the Aggresome dye (1:5,000 dilution in PBS) 
for 3 min and then destained in 1% acetic acid for 30 min. The sec-
tions were then blocked with 10% donkey serum in PBS for 1 h after 
washing thoroughly with PBS and followed by incubation with rab-
bit anti-Kcnj10 antibody (Alomone, APC-035, 1:200) overnight at 4°C. 
The sections were then counterstained with Hoechst 33342 (Thermo 
Fisher Scientific, H3570) and fluorescence-labeled secondary anti-
body (Thermo Fisher Scientific, A10042) for 1 h at RT after washing 
with PBS for 3 times (10 min each). Image was obtained by Confocal 
laser-scanning system (Zeiss 900 confocal system). The aggresome 
intensity was quantified by Image J software and normalized to that 
of 1 month old mice.

TUNEL staining
TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labe-
ling) staining was conducted on paraffin sections utilizing the Kit 
(Beyotime, C1088) following the manufacturer’s protocol. Then, the 
slides were counterstained with Hoechst 33342 (Thermo Fisher 
Scientific, H3570) for visualization of nucleus. Finally, the slides were 
mounted with VECTASHIELD Antifade Mounting Medium (Vector 
Laboratories, H-1000) and the percentages of TUNEL-positive cells 
were quantified by Image J software. The number of TUNEL-positive 
cells was normalized to that of 1 month old mice.

RNA-ISH
RNA-ISH was carried out as reported previously (Ma et al., 2021). 
In brief, the mouse cochleae were quickly harvested by dissec-
tion after the mice were sacrificed and then were fixed for about 
48 h with 5% paraformaldehyde at 4°C. The fixed cochleae were 
dehydrated by 15%, 30% sucrose solution, and embedded in OCT 
compound for cryoprotection. The thickness of frozen sections 
for RNA–ISH is 10 μm and the primers used to clone the Hsp90aa1 
fragment from mouse cDNA and subsequent labeling of the RNA 
probe were as follows: Forward: gaggaaacccagacccaaga, Reverse: 
gatcccccagctgaggactc. DIG RNA Labeling Mix (Roche Diagnostics) 
were used to transcribe DIG-labeled RNA probes by T7 and T3 
RNA polymerases. Then, RNA–ISH was performed following a pre-
viously described method (Schaeren-Wiemers and Gerfin-Moser, 
1993). In brief, frozen sections were washed in PBS for 10 min and 
then treated by prehybridization buffer overnight at RT and then 
incubated with hybridization mixture containing DIG-labeled 
RNA probes targeting Hsp90aa1 overnight at 65°C. The slides were 
blocked for 1 h and incubated for 1 h with anti-DIG antibody at 
RT. Finally, the color reaction was performed and sections were 
sealed with glycerin. The image was captured by optical micro-
scope and analyzed by ImageJ software.

Flow cytometric analysis
Apoptosis analysis
The detection of cellular apoptosis was carried out in accordance 
with the manufacturer’s instructions (Vazyme Biotechnology, 
A211-02). Briefly, the freshly collected cells were stained with 
Annexin V-EGFP Apoptosis Detection Kit and then analyzed by BD 
LSRFortesa flow cytometer.

Aggresome intensity analysis
The analysis of cellular aggresome intensity was performed fol-
lowing the manufacturer’s instructions. The freshly collected 

cells were stained by PROTEOSTAT® Aggresome detection kit 
(ENZO, ENZ-51035-K100) and then analyzed by BD LSRFortesa 
flow cytometer (Wang et al., 2018).

Knockdown and induction of endogenous 
expression of HSP90AA1 by using CRISPR/CAS9 
system
The CRISPR/Cas9-mediated gene knockdown and activation were 
performed as previously described (Sanjana et al., 2014; Hu et 
al., 2020; Wang et al., 2021b). For knockdown of Hsp90aa1, guide 
RNA targeting Hsp90aa1 and two non-targeting controls (NTCs) 
was cloned into LentiCRISPRv2 vector (Addgene #52961). For acti-
vation of endogenous expression of HSP90AA1, guide RNA tar-
geting the transcriptional start site (TSS) locus of Hsp90aa1 and 
two NTCs were constructed into lentiSAM v2 vector (Addgene 
#75112). To produce lentivirus particles, HEK293T cells were 
co-transfected with transfer plasmid lentiviral sgRNA plasmids 
or lentiMPH v2 (Addgene #89308), along with packaging plas-
mids psPAX2 (Addgene #12260) and pMD2.G (Addgene #12259) by 
Lipofectamine 3000 transfection reagent (Invitrogen, L3000015). 
The supernatants containing viral particles were collected 48 and 
72  h later and were ultra-centrifuged at 19,400 ×g for 2.5  h to 
obtain virus particles. To knockdown the expression of Hsp90aa1, 
SV cells were transduced with lentiviral vector LentiCRISPRv2 
for 48 h in the presence of 10 μg/mL polybrene following selec-
tion with puromycin for 5 days. To transcriptionally activate the 
endogenous expression of HSP90AA1, SV cells were co-transduced 
with the produced lentiviral vectors LentiSAM v2 and LentiMPH 
v2 for 48 h in the presence of 10 μg/mL polybrene before selection 
with blasticidin and hygromycin for 5 days. To verify the success-
ful knockdown or activation of HSP90AA1, the selected cells were 
collected for Western blot to test the protein levels of HSP90AA1.

Western blot
Cells were lysed with SDS lysis buffer [containing 4% SDS and 100 
mmol/L Tris-HCl (pH = 6.8)] and heated at 105°C for 10 min. Mouse 
cochleae were grinded and then lysed with 200 μL SDS buffer for 
24 h at 4°C followed by heating at 105°C for 10 min and then cen-
trifuged at 21,100 ×g for 30 min to extract the supernatant for pro-
tein concentration quantification. Then the protein concentration 
of each sample was measured by BCA kit following manufactur-
er’s instruction. Each sample was electrophoresed by SDS–PAGE 
and then electrotransferred to PVDF membrane (Millipore) which 
was then blocked with 5% skimmed milk (powder from BBI Life 
Sciences) and incubated with the primary antibodies (Mouse anti-
Hsp90 alpha, Abcam, ab79849; Mouse anti-Kcnj13, Santa, sc-398810; 
Mouse anti-β-Tubulin, Immunoway, YM3030) overnight at 4°C, and 
then incubated with the secondary antibodies conjugated with 
horseradish peroxidase (HRP). At last, the visualization and data 
processing were performed by a ChemiDoc XRS system (Bio-Rad).

RNA isolation and analysis
RNA was extracted according to the manufacturer’s instructions 
after cells were lysed by TRIzol™ Reagent (Thermo Fisher Scientific, 
15596018) and the concentration of RNA was measured after dis-
solving in about 20 μL DEPC water (Sangon Biotech). 2 μg RNA was 
subjected to reverse transcription according to the instructions of 
the GoScript™ reverse transcription system (Promega) to obtain 
cDNA. RT-qPCR was then performed with the qPCR Mix (TOYOBO) 
on a CFX384 RT-PCR system (Bio-Rad). The relative mRNA expres-
sion level of each gene was normalized to Gapdh expression, cal-
culated using the ∆∆Cq method. The primers used for RT–qPCR 
are as follows: Xbp1-Forward, GACAGAGAGTCAAACTAACGTGG; 
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Xbp1-Reverse, GTCCAGCAGGCAAGAAGGT; Calr-Forward, 
TGGCTGCTCCCAATAATGTCT; Calr-Reverse, GAGGGTAGTGACC 
AAAAGATGG; Hsp90b1-Forward, TCGTCAGAGCTGATGATGAAGT; 
Hsp90b1-Reverse, GCGTTTAACCCATCCAACTGAAT; Ddit3- 
Forward, CTGGAAGCCTGGTATGAGGAT; Ddit3-Reverse, CAGGGT 
CAAGAGTAGTGAAGGT; Gapdh-Forward, TGGATTTGGACGCAT 
TGGTC; Gapdh-Reverse, TTTGCACTGGTACGTGTTGAT.

For RNA-seq, 1.5 μg total RNA was provided to the Novogene 
Bioinformatics Technology Co. Ltd. for subsequent quality con-
trol, library construction and high-throughput sequencing. Briefly, 
Next Ultra RNA Library Prep Kit for Illumina (NEB) was used for 
sequencing library construction and the resultant libraries were 
sequenced on an Illumina paired-end sequencing platform by 
150-bp read length.

Single cell isolation
The samples for scRNA-seq included 1-, 2-, 5-, 12-, and 15-month-
old mice and each age group contains 5 males and 5 females. The 
cochleae of mice of the same age and sex were pooled together for 
scRNA-seq. Briefly, the cochleae were taken out and placed in chilled 
500 μL Leibovitz’s L-15 medium (Gbico, 11415064) quickly after mice 
were sacrificed by cervical dislocation. Afterward, temporal bones 
of mice were isolated, and the overlying bone was extracted, leav-
ing the lateral wall, the modiolus with the spiral ganglion, the spi-
ral limbus, the inner sulcus, the organ of Corti and the outer sulcus 
remaining. Microdissected tissues from each mouse were pooled and 
transferred into 500 μL digestion solution I containing Leibovitz’s 
L-15 medium (Gbico, 11415064), 200 unit/mL collagenase IV (Sigma, 
C1889) and 10 K unit/mL deoxyribonuclease I (DNase I, Sigma, DN25) 
and incubated at 37°C for 30 min, pipetted once every 10 min. Thirty 
minutes later, digestion solution I was changed to digestion solution 
II containing 1× EBSS (Gibco, 14155-063), 20 unit/mL papain (Sigma, 
P4762), 1 mmol/L l-Cysteine (Sigma, C1276), 0.5 mmol/L EDTA, 
15 mmol/L HEPES (Aladdin, H109407), and 10 K units/mL DNase I 
(Sigma, DN25) at 37°C for 30 min, pipetted 10 times every 10 min. 
50 μL 10% fetal bovine serum (FBS, Gibco, 10270-106) was added to 
terminate the digestion followed by pipetting 100 times in order to 
obtain single cell suspension. After a centrifugation with 1500 rpm 
at 4°C for 5 min, the cell pellet was resuspended and filtered with a 
40-μm strainer (BD Falcon) and washed with 1 mL of L15 medium. 
Filtered cell suspension was collected directly into a 1.5 mL EP tube 
and Hoechst (Thermo Fisher Scientific, H3570), Propidium Iodide 
were added, followed by FACS (BD Influx) to remove the debris and 
dead cells. The obtained single cells were centrifuged with 2000 rpm 
at 4°C for 5 min and resuspended in 0.04% bovine serum albumin 
(BSA, Gibco) in PBS for scRNA-seq.

Droplet-based scRNA-seq using the 10× 
Genomics chromium platform
Single cells were captured by droplet-based microfluidic technology 
and the construction of single cell transcriptional libraries was per-
formed by the Chromium 10× Single-Cell Instrument (10× Genomics) 
and 10× Genomics Chromium Single Cell 3ʹ GEM Library and Gel 
Bead Kit v3. In brief, cells were loaded in each channel with a target 
output of 5000 cells per sample with appropriate cell concentra-
tion measured by Moxi GO II (Orflo Technologies). All the reactions 
were performed in the Bio-Rad C1000 Touch Thermal cycler with 96 
Deep-Well Reaction Module in which 12 cycles were used for cDNA 
amplification and sample identification. Amplified cDNAs and final 
libraries were then evaluated on a Fragment Analyzer (AATI) using 
a High Sensitivity NGS Analysis Kit (Advanced Analytical). The aver-
age fragment length of the 10× cDNA libraries was assessed with 

the AATI, and quantified by qPCR using the Kapa Quantification 
kit. All the libraries were diluted and pooled together for each run 
of NovaSeq sequencing. All the libraries were sequenced on the 
NovaSeq 6000 Sequencing System (Illumina).

Processing raw data from scRNA-seq of 10× 
Genomics
Cell Ranger single-cell software suite (version 3.1.0) (10× 
Genomics) with default parameters was used to align and quan-
tify the dataset. The quantification of the sample-specific FASTQ 
file was evaluated by the cellranger count function, which was 
aligned to the mouse reference genome (mm10) and generate the 
gene expression matrix. The filtered gene expression matrix was 
used for downstream analysis.

scRNA-seq data analysis and cell-type 
identification
Downstream analysis for scRNA-seq data was implemented by the 
single-cell toolkit Seurat (version 3.2.0) (Stuart et al., 2019) in R (ver-
sion 3.6.3). In order to get high-quality cells, only cells with more 
than 500 genes and less than 5,000 genes detected, and less than 20% 
mitochondrial genes were used for subsequent analysis. In addition, 
in order to remove the “doublets” from the scRNA-seq data, we also 
used the R package DoubletFinder (version 2.0.3) (McGinnis et al., 
2019) to identify and remove double cells in each sample. In order to 
generate enough artificial doublets, we set the pN value to 0.25. We 
combined the number of cells in this study and the doublets ratio 
of 10× Genomics single cell platform “results in recovery of ~1000 
cells, and a multiple rate of ~0.8%”, and set the doublet formation 
rate as “doubletate = cellnum × 8  ×  10−6”. The “find.pK” function 
was used to calculate the optimal pK value. After quality control, 
45,972 cells remained and were used for downstream bioinformatic 
analyses. In order to better eliminate the false positive of biological 
heterogeneity caused by technical factors such as sequencing depth 
in scRNA-seq data, we normalized and scaled the data based on R 
package SCTransform (version 0.3.2) (Hafemeister and Satija, 2019) 
to reveal clearer biological differences. The “PrepSCTIntegration” and 
“FindIntegrationAnchors” functions were used to select integration 
anchors and perform downstream integration. Then these anchors 
were used to integrate the data set of all the samples together with 
“IntegrateData” function. The integrated data set was then used for 
downstream dimensionality reduction and clustering analyses. 
Total cell clustering was performed by “FindClusters” function at a 
resolution of 2.0 and the first 30 principal components (PCs) were 
used to define cell identity. Dimensionality reduction was performed 
with “RunUMAP” function. Marker genes for each cluster were deter-
mined with the Wilcoxon rank-sum test by “FindAllMarkers” func-
tion. Only those with “avg_logFC” > 0.5 and “p_val_adj” < 0.05 were 
considered as marker genes. Cell types were identified based on the 
expression of classic marker genes. Marker genes for each cell type 
are shown in Table S1.

Determination of the purity of cell type
The algorithm called Ratio of Global Unshifted Entropy (ROGUE) 
provided by Zhang et al. (Liu et al., 2020) was occupied to accu-
rately assess the purity of the identified cochlear cell types.

Age-relevant CV analysis
Analysis of age-relevant CV was used to observe the aging effects 
on different cell types (Salzer et al., 2018; Wang et al., 2020b). The 
“FindVariableGenes’’ function of Seurat was used to identify highly 
variable genes (HVGs). The top 10% variable genes (2,095 out of 

https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwac058#supplementary-data
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20,953 genes) were selected for downstream analysis. Next, the 
absolute value of the cell-paired-distance dc,x was calculated 
between each HVGs expression in all cells of the young individu-
als and the old individuals in each cell type c:

µc,x =
∣∣Xc,j − Xc,j

∣∣ ; i ∈ {1, 2, & , y} , j ∈ {1, 2, . . . , 0}

Finally, the arithmetic mean of dc,x (mc,x), and the stand-
ard deviation of dc,x as (sc,x) were calculated. Accordingly, the 
aging-related transcriptional variation of each cell type is defined 
by the following formula:

CVc,x =
σc,x
µc,x

× 100

Identification of aging-associated PDEGs
We used the function of ‘‘FindMarkers’’ in Seurat to identify aging-as-
sociated PDEGs between 1-month-old and each consecutive time 
point. The log (fold change) (LogFC) and adjusted P-value of each 
PDEG were calculated by the non-parametric two-sided Wilcoxon 
rank-sum test and only those with |“avg_logFC”| > 0.25 and “p_val_
adj” < 0.05 were considered to be aging-associated PDEGs. We also 
ran similar analyses using 2-month-old mice as reference and got 
PDEGs between neighboring ages. The PDEGs are listed in Table S2.

Identification of age-dependent DDEGs
To identify age-dependent DDEGs, we borrowed the method of the 
“plot_pseudotime_heatmap” function in R package Monocle2 (Qiu et 
al., 2017) and customized a function. First, we used the function of 
“FindMarkers” in Seurat to identify DEGs of any age (1, 2, 5, 12, and 
15 months of age) in each cell type. Only those genes with |“avg_
logFC”| > 0.25 and “p_val_adj” < 0.05 are considered age-related 
DEGs. Second, for each cell type, we used the above genes to con-
struct an expression matrix (row genes, column as cells), and then 
sort all cells by age scale (i.e., each column in the expression matrix 
was ranked according to the age rank corresponding to each cell). 
Next, we used the “genSmoothCurves” function to fit smooth spline 
curves for the gene expression matrix dynamics along age time in 
a gene-wise manner and return the corresponding response matrix. 
Finally, the “ward. D2” method was used to cluster the matrix by row 
hierarchical clustering through “hclust” function, and the clustering 
results were assigned to 8 groups. The R package pheatmap (version 
1.0.12) was used to visualize the age-dependent genes expression 
pattern. The DDEGs are listed in Table S4.

Gene Ontology (GO) analysis
GO analysis of DEGs was performed by Metascape (Zhou et al., 
2019) and visualized with the ggplot2 R package and Cytoscape 
(version 3.7.2). Representative terms selected from the top 100 
ranked GO terms or pathways (P < 0.01) were displayed.

Gene set variation analysis
To comprehensively assess the expression levels of individual 
gene in the pathways, we also adopted Gene set variation analysis 
(GSVA) (Hanzelmann et al., 2013), a quantitative gene set enrich-
ment analysis method suitable for single-cell transcriptome data, 
to assign pathway activity estimates of individual cells. GSVA 
was performed using the GSVA R package (version 1.34.0). The 
screened signaling pathway gene sets were downloaded from the 
MsigDB database. The gene-by-cell matrix was converted to gene-
set-by-cell matrix and GSVA scores were computed for gene sets 
with a minimum of five detected genes. The R package limma 
(version 3.42.2) (Ritchie et al., 2015) was used to calculate signifi-
cantly enriched pathways. Only pathways that passed two-sided 

unpaired t-tests and Benjamini-Hochberg multiple testing p.ad-
just were used for downstream analysis.

Transcriptional regulatory network analysis
The transcriptional regulatory network analysis was performed with 
the GENIE3 (version 1.6.0) (Huynh-Thu et al., 2010) and RcisTarget 
(version 1.4.1) R packages of the SCENIC (version 1.1.2.2) (Aibar et 
al., 2017) workflow using default parameters. Transcription factors 
(TFs) of mm10 were used as reference TFs and downloaded using 
RcisTarget. Co-expression modules were first identified between TFs 
and the potential target genes using the gene expression matrix 
through GENIE3. Next, for each co-expression module, the cis-regu-
latory motif enrichment analysis was carried out among all poten-
tial target genes using RcisTarget, and only the target genes enriched 
with the motifs of the corresponding TFs were selected as direct 
target genes. Each transcription factor and its direct target genes 
were defined as a regulon. Aging-related gene regulatory networks 
were inferred. Finally, visualization of TF module networks was per-
formed by Cytoscape (version 3.7.2).

Gene set score analysis
To score individual cells for pathway activities, we used the R 
package AUCell (version 1.8.0) (Aibar et al., 2017). We used an 
expression matrix to compute gene expression rankings in each 
cell with the “AUCell_buildRankings” function, with default param-
eters. The canonical pathway database was downloaded from the 
MsigDB database, KEGG database and GO database. These gene 
sets were used to score each cell. Area-under-the-curve (AUC) 
values were calculated (“AUCell_calcAUC” function) based on gene 
expression rankings. Genes in each gene set are listed in Table S3.

RNA-seq library construction and sequencing
Mouse SV cells were transduced with the sg-NTC (Control), 
sg-Hsp90aa1 sgRNA were collected for RNA-seq analysis using 
an Illumina sequencing platform. RNA sequencing libraries were 
prepared as previously reported (Podnar et al., 2014; Bi et al., 2020; 
Wang et al., 2022). Briefly, total RNA was extracted using TRIzol™ 
Reagent (Thermo Fisher Scientific) and RNA integrity was exam-
ined by the Bioanalyzer 2100 system (Agilent Technologies). 
Sequencing libraries were constructed using NEBNext UltraTM 
RNA Library Prep Kit for Illumina (NEB) and sequenced on 
Illumina Hiseq X Ten platform. Duplicates were used for the RNA-
seq data for each cell type to eliminate technical noise.

RNA-seq data analysis
Trim Galore (version 0.4.5) software was used for automate 
adapter trimming and quality control, and Hisat2 (version 2.0.4) 
(Kim et al., 2015) with default parameters was used to map the 
cleaned reads to the UCSC mm10 mouse genome. HTSeq (ver-
sion 0.6.1) (Anders et al., 2015) software was used to count the 
number of reads mapped in each annotated gene based on 
the mapping results. R package DESeq2 (version 1.2.4) (Love et 
al., 2014) was used to calculate DEGs with the cutoff values of 
Benjamini-Hochberg adjusted P-value (p.adjust) < 0.05 and |log2 
(fold change)| > 0.58. The DEGs are listed in Table S5.

Statistical analysis
Data are presented as the mean ± SEMs. The statistical analyses 
were performed using GraphPad Prism (v8) with unpaired two 
tailed Student’s t-test. For gene set score analysis, statistical anal-
ysis was performed using two-sided Wilcoxon rank-sum tests. 
P-values < 0.05 are considered statistically significant.

https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwac058#supplementary-data
https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwac058#supplementary-data
https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwac058#supplementary-data
https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwac058#supplementary-data
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https://doi.org/10.1093/procel/pwac058.

Acknowledgements
We are grateful to Junying Jia (IBP, CAS) and Shu Meng (IBP, CAS) 
for their help in the flow cytometry experiments, to Zhiran Zou for 
his help in tissue staining, to Xiaoli Zhang for her help in cell cul-
ture. We also thank Lei Bai, Qun Chu, Jing Lu, Ying Yang, Xiuping 
Li, Ruijun Bai, Luyang Tian, and Jing Chen for their administrative 
assistance.

Abbreviations
ABRs, auditory brainstem responses; ARHL, age-related hearing 
loss; BC, basal cell; CV, coefficient of variation; DDEGs, dynamic 
differentially expressed genes; DEGs, differentially expressed 
genes; DPOAEs, distortion product otoacoustic emissions; ER, 
endoplasmic reticulum; GO, Gene Ontology; HC, hair cell; H&E, 
hematoxylin and eosin; IC, intermediate cell; MC, marginal cell; 
PCA, principal component analysis; PCs, principal components; 
PDEGs, pairwise differentially expressed genes; RT, room temper-
ature; SC, Schwann cell; scRNA-seq, single-cell RNA sequencing; 
SGC, satellite glial cell; SGN, spiral ganglion neuron; TF, transcrip-
tion factor; TUNEL, terminal deoxynucleotidyl transferase dUTP 
nick end labeling; UMAP, Uniform manifold approximation and 
projection; UPR, unfolded protein response.

Conflicts of interest
The authors declared no competing interests.

Funding
This work was supported by the National Key Research and 
Development Program of China (No. 2020YFA0804000), the Strategic 
Priority Research Program of the Chinese Academy of Sciences 
(No. XDA16000000), the National Natural Science Foundation of 
China (Nos. 82192863, 81921006, 92149301, 92168201, 91949209, 
92049304, 82125011, 82122024, 82071588, 92049116, 32121001, 
32000500, 82030029, 81970882, 31900523, 82271600, 32200610, and 
81861168034), the National Key Research and Development Program 
of China (Nos. 2018YFC2000100, 2021ZD0202400, 2020YFA0112200, 
2018YFA0107203, 2021YFF1201005, and 2019YFA0110100), the 
Program of the Beijing Natural Science Foundation (No. Z190019), 
CAS Project for Young Scientists in Basic Research (No. YSBR-076 
and YSBR-012), the Key Research Program of the Chinese Academy 
of Sciences (No. KFZD-SW-221), K. C. Wong Education Foundation 
(Nos. GJTD-2019-06 and GJTD-2019-08), Youth Innovation Promotion 
Association of CAS (Nos. 2021078, 2022083, and E1CAZW0401), Young 
Elite Scientists Sponsorship Program by CAST (Nos. YESS20200012 
and YESS20210002), the State Key Laboratory of Stem Cell and 
Reproductive Biology, the State Key Laboratory of Membrane Biology, 
the Tencent Foundation (No. 2021-1045), the Informatization Plan of 
Chinese Academy of Sciences (Nos. CAS-WX2021SF-0301 and CAS-
WX2022SDC-XK14), the Pilot Project for Public Welfare Development 
and Reform of Beijing-affiliated Medical Research Institutes (No. 
11000022T000000461062), Natural Science Foundation from 
Jiangsu Province (No. BE2019711), Shenzhen Fundamental Research 
Program (No. JCYJ20190814093401920), and Open Research Fund of 

State Key Laboratory of Genetic Engineering, Fudan University (No. 
SKLGE-2109).

Ethics approval
This study was carried out according to the ethical principles and 
was approved in advance by the Institutional Animal Care and 
Use Committee of the Institute of Zoology (Chinese Academy of 
Sciences).

Consent to participate
The authors declare their agreement to participate.

Consent for publication
The authors declare their agreement to publish.

Availability of data and material
The raw sequence data reported in this article have been depos-
ited in the Genome Sequence Archive in National Genomics Data 
Center, China National Center for Bioinformation/Beijing Institute 
of Genomics, Chinese Academy of Sciences (GSA: CRA004814). 
The data can also be accessed via an interactive user-friendly 
webtool at Aging Atlas (Aging Atlas, 2021).

Author’s contribution
G.-H. L, R.- J. C, S. W., and J. Q. designed the project. G.-H. L, R. -J. C., S. 
W., J. Q., G. -Q. S., Y. -D. Z., W. -Q. Z., J. R., and X. -L. F. wrote and edited 
the article. G. -Q. S., Y. -D. Z., and X. -L. F. generated the data. S. W., G. 
-Q. S., Y. -D. Z., S.-H. S., X. -J. H., and W. -Q. Z. analyzed the data. S. W., 
G. -Q. S., Y. -D. Z., S. M., S.-H. S., W. -Q., Z. K. -W. Y., F. C., Q. -R. W., Z. -J. 
J., Z. -Y. L., and J. C. I. B. interpreted the data. All the authors read the 
manuscript, offered feedback, and approved it before submission.

References
Abubacker S, Dorosz SG, Ponjevic D et al. Full-length recombinant 

human proteoglycan 4 interacts with hyaluronan to provide car-
tilage boundary lubrication. Ann Biomed Eng 2016;44:1128–1137.

Aging Atlas C. Aging Atlas: a multi-omics database for aging biology. 
Nucleic Acids Res 2021;49:D825–D830.

Aibar S, Gonzalez-Blas CB, Moerman T et al. SCENIC: single-cell 
regulatory network inference and clustering. Nat Methods 
2017;14:1083–1086.

Anders S, Pyl PT, Huber W. HTSeq--a Python framework to 
work with high-throughput sequencing data. Bioinformatics 
2015;31:166–169.

Angelidis I, Simon LM, Fernandez IE et al. An atlas of the aging lung 
mapped by single cell transcriptomics and deep tissue pro-
teomics. Nat Commun 2019;10:963.

Areias B, Santos C, Natal Jorge RM et al. Finite element modelling of 
sound transmission from outer to inner ear. Proc Inst Mech Eng H 
2016;230:999–1007.

Au-Yeung KK, Woo CW, Sung FL et al. Hyperhomocysteinemia acti-
vates nuclear factor-kappaB in endothelial cells via oxidative 
stress. Circ Res 2004;94:28–36.

Bae SH, Yoo JE, Choe YH et al. Neutrophils infiltrate into the spi-
ral ligament but not the stria vascularis in the cochlea 

https://doi.org/10.1093/procel/pwac058


198  |  Sun et al.

Pr
ot

ei
n

 &
 C

el
l

during lipopolysaccharide-induced inflammation. Theranostics 
2021;11:2522–2533.

Barsh GS, Yamashita T, Zheng F et al. High-resolution transcriptional 
dissection of in vivo Atoh1-mediated hair cell conversion in 
mature cochleae identifies Isl1 as a co-reprogramming factor. 
PLoS Genet 2018;14. doi:10.1371/journal.pgen.1007552

Bas E, Anwar MR, Van De Water TR. TGF beta-1 and WNT signaling 
pathways collaboration associated with cochlear implantation 
trauma-induced fibrosis. Anat Rec (Hoboken) 2020;303:608–618.

Bi S, Liu Z, Wu Z et al. SIRT7 antagonizes human stem cell aging as a 
heterochromatin stabilizer. Protein Cell 2020;11:483–504.

Birch J, Gil J. Senescence and the SASP: many therapeutic avenues. 
Genes Dev 2020;34:1565–1576.

Bowl MR, Dawson SJ. Age-related hearing loss. Cold Spring Harb 
Perspect Med 2019;9. doi:10.1101/cshperspect.a033217

Brito DVC, Kupke J, Gulmez Karaca K et al. Mimicking age-associated 
Gadd45gamma dysregulation results in memory impairments 
in young adult mice. J Neurosci 2020;40:1197–1210.

Brulois K, Rajaraman A, Szade A et al. A molecular map of murine 
lymph node blood vascular endothelium at single cell resolu-
tion. Nat Commun 2020;11:3798.

Burns JC, Kelly MC, Hoa M et al. Single-cell RNA-Seq resolves cellular 
complexity in sensory organs from the neonatal inner ear. Nat 
Commun 2015;6:8557.

Cai H, Han B, Hu Y et al. Metformin attenuates the Dgalactoseinduced 
aging process via the UPR through the AMPK/ERK1/2 signaling 
pathways. Int J Mol Med 2020;45:715–730.

Cai Y, Song W, Li J et al. The landscape of aging. Sci China Life Sci 2022. 
doi:10.1007/s11427-022-2161-3

Chen ZY, Corey DP. An inner ear gene expression database. J Assoc 
Res Otolaryngol 2002;3:140–148.

Chen Y, Gu Y, Li Y et al. Generation of mature and functional hair 
cells by co-expression of Gfi1, Pou4f3, and Atoh1 in the postna-
tal mouse cochlea. Cell Rep 2021;35:109016.

Dar D, Dar N, Cai L et al. Spatial transcriptomics of planktonic and 
sessile bacterial populations at single-cell resolution. Science 
2021;373. doi:10.1126/science.abi4882

Eggermont JJ. Epidemiology and genetics of hearing loss and 
tinnitus. In Hearing Loss. 2017, 209–234. doi:10.1016/
B978-0-12-805398-0.00007-4

Ellwanger DC, Scheibinger M, Dumont RA et al. Transcriptional 
dynamics of hair-bundle morphogenesis revealed with cell 
trails. Cell Rep 2018;23:2901–2914 e2913.

Fang X, Jiang M, Zhou M et al. Elucidating the developmental dynam-
ics of mouse stromal cells at single-cell level. Life Med 2022. 
doi:10.1093/lifemedi/lnac037

Fellinger J, Holzinger D, Pollard R. Mental health of deaf people. 
Lancet 2012;379:1037–1044.

Fetoni AR, Picciotti PM, Paludetti G et al. Pathogenesis of presbycusis 
in animal models: a review. Exp Gerontol 2011;46:413–425.

Frisina RD, Ding B, Zhu X et al. Age-related hearing loss: prevention 
of threshold declines, cell loss and apoptosis in spiral ganglion 
neurons. Aging 2016;8:2081–2099.

Fu X, Sun X, Zhang L et al. Tuberous sclerosis complex-mediated 
mTORC1 overactivation promotes age-related hearing loss. J 
Clin Invest 2018;128:4938–4955.

Furness DN. Forgotten fibrocytes: a neglected, supporting cell type of 
the cochlea with the potential to be an alternative therapeutic 
target in hearing loss. Front Cell Neurosci 2019;13:532.

Gong TW, Karolyi IJ, Macdonald J et al. Age-related changes in coch-
lear gene expression in normal and shaker 2 mice. J Assoc Res 
Otolaryngol 2006;7:317–328.

Gonzalez-Teuber V, Albert-Gasco H, Auyeung VC et al. Small mole-
cules to improve ER proteostasis in disease. Trends Pharmacol Sci 
2019;40:684–695.

Gratton MA, Meehan DT, Smyth BJ et al. Strial marginal cells play a 
role in basement membrane homeostasis: in vitro and in vivo 
evidence. Hear Res 2002;163:27–36.

Hadrian K, Melkonyan H, Schlatt S et al. Age-related distribution 
and potential role of SNCB in topographically different retinal 
areas of the common marmoset Callithrix jacchus, including 
the macula. Exp Eye Res 2019;185:107676.

Hafemeister C, Satija R. Normalization and variance stabilization of 
single-cell RNA-seq data using regularized negative binomial 
regression. Genome Biol 2019;20:296.

Haila S, Hastbacka J, Bohling T et al. SLC26A2 (diastrophic dyspla-
sia sulfate transporter) is expressed in developing and mature 
cartilage but also in other tissues and cell types. J Histochem 
Cytochem 2001;49:973–982.

Hanzelmann S, Castelo R, Guinney J. GSVA: gene set variation analy-
sis for microarray and RNA-seq data. BMC Bioinf 2013;14:7.

He X, Memczak S, Qu J et al. Single-cell omics in ageing: a young and 
growing field. Nat Metab 2020;2:293–302.

Heeringa AN, Koppl C. The aging cochlea: towards unraveling the 
functional contributions of strial dysfunction and synaptopa-
thy. Hear Res 2019;376:111–124.

Hequembourg S, Liberman MC. Spiral ligament pathology: a major 
aspect of age-related cochlear degeneration in C57BL/6 mice. J 
Assoc Res Otolaryngol 2001;2:118–129.

Hoa M, Olszewski R, Li X et al. Characterizing adult cochlear sup-
porting cell transcriptional diversity using single-cell RNA-seq: 
validation in the adult mouse and translational implications for 
the adult human cochlea. Front Mol Neurosci 2020;13:13.

Hoffmann TJ, Keats BJ, Yoshikawa N et al. A large genome-wide asso-
ciation study of age-related hearing impairment using elec-
tronic health records. PLoS Genet 2016;12:e1006371.

Hu H, Ji Q, Song M et al. ZKSCAN3 counteracts cellular senes-
cence by stabilizing heterochromatin. Nucleic Acids Res 
2020;48:6001–6018.

Huynh-Thu VA, Irrthum A, Wehenkel L et al. Inferring regulatory net-
works from expression data using tree-based methods. PLoS One 
2010;5:e12776.

Ingham NJ, Rook V, Di Domenico F et al. Functional analysis of can-
didate genes from genome-wide association studies of hearing. 
Hear Res 2020;387:107879.

Jabba SV, Oelke A, Singh R et al. Macrophage invasion contributes 
to degeneration of stria vascularis in Pendred syndrome mouse 
model. BMC Med 2006;4:37.

Jafari Z, Kolb BE, Mohajerani MH. Age-related hearing loss and tinni-
tus, dementia risk, and auditory amplification outcomes. Ageing 
Res Rev 2019;56:100963.

Janesick A, Scheibinger M, Benkafadar N et al. Cell-type identity of 
the avian cochlea. Cell Rep 2021;34:108900.

Jeon EJ, Xu N, Xu L et al. Influence of central glia on spiral ganglion 
neuron neurite growth. Neuroscience 2011;177:321–334.

Jongkamonwiwat N, Ramirez MA, Edassery S et al. Noise exposures 
causing hearing loss generate proteotoxic stress and activate 
the proteostasis network. Cell Rep 2020;33:108431.

Joung J, Konermann S, Gootenberg JS et al. Genome-scale CRISPR-
Cas9 knockout and transcriptional activation screening. Nat 
Protoc 2017;12:828–863.

Kane KL, Longo-Guess CM, Gagnon LH et al. Genetic background 
effects on age-related hearing loss associated with Cdh23 vari-
ants in mice. Hear Res 2012;283:80–88.

https://doi.org/10.1016/B978-0-12-805398-0.00007-4
https://doi.org/10.1016/B978-0-12-805398-0.00007-4


Single-cell transcriptomic atlas of mouse cochlear aging  |  199

Pr
ot

ei
n

 &
 C

el
l

Keithley EM. Pathology and mechanisms of cochlear aging. J Neurosci 
Res 2020;98:1674–1684.

Keithley EM, Canto C, Zheng QY et al. Age-related hearing loss and 
the ahl locus in mice. Hear Res 2004;188:21–28.

Kharkovets T, Dedek K, Maier H et al. Mice with altered KCNQ4 K+ 
channels implicate sensory outer hair cells in human progres-
sive deafness. EMBO J 2006;25:642–652.

Kim HJ, Gratton MA, Lee JH et al. Precise toxigenic ablation of inter-
mediate cells abolishes the “battery” of the cochlear duct. J 
Neurosci 2013;33:14601–14606.

Kim KX, Sanneman JD, Kim HM et al. Slc26a7 chloride channel activ-
ity and localization in mouse Reissner’s membrane epithelium. 
PLoS One 2014;9:e97191.

Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner with 
low memory requirements. Nat Methods 2015;12:357–360.

Kim YH, Kwak MS, Lee B et al. Secretory autophagy machinery and 
vesicular trafficking are involved in HMGB1 secretion. Autophagy 
2021;17:2345–2362.

Kolla L, Kelly MC, Mann ZF et al. Characterization of the develop-
ment of the mouse cochlear epithelium at the single cell level. 
Nat Commun 2020;11:2389.

Korrapati S, Taukulis I, Olszewski R 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.

Kubota M, Scheibinger M, Jan TA et al. Greater epithelial ridge cells 
are the principal organoid-forming progenitors of the mouse 
cochlea. Cell Rep 2021;34:108646.

Le Calvez S, Avan P, Gilain L et al. CD1 hearing-impaired mice. I: dis-
tortion product otoacoustic emission levels, cochlear function 
and morphology. Hear Res 1998;120:37–50.

Leng SX, Pawelec G. Single-cell immune atlas for human aging and 
frailty. Life Med 2022. doi:10.1093/lifemedi/lnac013

Li HS, Borg E. Age-related loss of auditory sensitivity in two mouse 
genotypes. Acta Otolaryngol 1991;111:827–834.

Li Y, Liu H, Giffen KP et al. Transcriptomes of cochlear inner and 
outer hair cells from adult mice. Sci Data 2018;5:180199.

Li J, Zheng Y, Yan P et al. A single-cell transcriptomic atlas of primate 
pancreatic islet aging. Natl Sci Rev 2020a. doi:10.1093/nsr/nwaa127

Li Y, Liu H, Zhao X et al. Endolymphatic potential measured from 
developing and adult mouse inner ear. Front Cell Neurosci 
2020b;14:584928.

Li J, Zheng Y, Yan P et al. A single-cell transcriptomic atlas of primate 
pancreatic islet aging. Natl Sci Rev 2021;8.

Lin FR, Metter EJ, O’Brien RJ et al. Hearing loss and incident dementia. 
Arch Neurol 2011;68:214–220.

Liu B, Li C, Li Z et al. An entropy-based metric for assessing the purity 
of single cell populations. Nat Commun 2020;11:3155.

Liu H, Giffen KP, Chen L et al. Molecular and cytological profiling of 
biological aging of mouse cochlear inner and outer hair cells. 
Cell Rep 2022;39:110665.

Love MI, Huber W, Anders S. Moderated estimation of fold change 
and dispersion for RNA-seq data with DESeq2. Genome Biol 
2014;15:550.

Ma S, Sun S, Geng L et al. Caloric restriction reprograms the sin-
gle-cell transcriptional landscape of rattus norvegicus aging. 
Cell 2020;180:984–1001 e1022.

Ma S, Sun S, Li J et al. Single-cell transcriptomic atlas of primate car-
diopulmonary aging. Cell Res 2021;31:415–432.

Magimaidas A, Madireddi P, Maifrede S et al. Gadd45b deficiency 
promotes premature senescence and skin aging. Oncotarget 
2016;7:26935–26948.

McGinnis CS, Murrow LM, Gartner ZJ. DoubletFinder: doublet detec-
tion in single-cell rna sequencing data using artificial nearest 
neighbors. Cell Syst 2019;8:329–337 e324.

Mei L, Chen J, Zong L et al. A deafness mechanism of digenic Cx26 
(GJB2) and Cx30 (GJB6) mutations: reduction of endocochlear 
potential by impairment of heterogeneous gap junctional func-
tion in the cochlear lateral wall. Neurobiol Dis 2017;108:195–203.

Mellado Lagarde MM, Wan G, Zhang L et al. Spontaneous regen-
eration of cochlear supporting cells after neonatal ablation 
ensures hearing in the adult mouse. Proc Natl Acad Sci USA 
2014;111:16919–16924.

Mianne J, Chessum L, Kumar S et al. Correction of the auditory phe-
notype in C57BL/6N mice via CRISPR/Cas9-mediated homology 
directed repair. Genome Med 2016;8:16.

Milon B, Shulman ED, So KS et al. A cell-type-specific atlas of the 
inner ear transcriptional response to acoustic trauma. Cell Rep 
2021;36:109758.

Morgan A, Vuckovic D, Krishnamoorthy N et al. Next-generation 
sequencing identified SPATC1L as a possible candidate gene for 
both early-onset and age-related hearing loss. Eur J Hum Genet 
2019;27:70–79.

Mori K. Signalling pathways in the unfolded protein 
response: development from yeast to mammals. J Biochem 
2009;146:743–750.

Nelson RF, Glenn KA, Zhang Y et al. Selective cochlear degeneration 
in mice lacking the F-box protein, Fbx2, a glycoprotein-specific 
ubiquitin ligase subunit. J Neurosci 2007;27:5163–5171.

Ni G, Elliott SJ, Ayat M et al. Modelling cochlear mechanics. Biomed Res 
Int 2014;2014:150637.

Ohlemiller KK, Rice ME, Lett JM et al. Absence of strial melanin coin-
cides with age-associated marginal cell loss and endocochlear 
potential decline. Hear Res 2009;249:1–14.

Oike H, Kohyama K, Mochizuki-Kawai H et al. Food hardness influ-
ences the progression of age-related hearing loss in mice. Exp 
Gerontol 2021;149:111335.

Oshima K, Shin K, Diensthuber M et al. Mechanosensitive hair cell-
like cells from embryonic and induced pluripotent stem cells. 
Cell 2010;141:704–716.

Park M, Ohana E, Choi SY et al. Multiple roles of the SO4(2-)/Cl-/OH- 
exchanger protein Slc26a2 in chondrocyte functions. J Biol Chem 
2014;289:1993–2001.

Petitpre C, Wu H, Sharma A et al. Neuronal heterogeneity and stereo-
typed connectivity in the auditory afferent system. Nat Commun 
2018;9:3691.

Podnar J, Deiderick H, Hunicke-Smith S. Next-generation sequencing 
fragment library construction. Curr Protoc Mol Biol 2014;107:7 17 
11-16.

Popelar J, Groh D, Mazelova J et al. Cochlear function in young and 
adult Fischer 344 rats. Hear Res 2003;186:75–84.

Qiu X, Hill A, Packer J et al. Single-cell mRNA quantification and dif-
ferential analysis with Census. Nat Methods 2017;14:309–315.

Ranum PT, Goodwin AT, Yoshimura H et al. Insights into the biology 
of hearing and deafness revealed by single-cell RNA sequenc-
ing. Cell Rep 2019;26:3160–3171 e3163.

Ray J, Popli G, Fell G. Association of cognition and age-related hearing 
impairment in the english longitudinal study of ageing. JAMA 
Otolaryngol Head Neck Surg 2018;144:876–882.

Read A, Schroder M. The unfolded protein response: an overview. 
Biology (Basel) 2021;10. doi:10.3390/biology10050384

Ritchie ME, Phipson B, Wu D et al. Limma powers differential expres-
sion analyses for RNA-sequencing and microarray studies. 
Nucleic Acids Res 2015;43:e47.



200  |  Sun et al.

Pr
ot

ei
n

 &
 C

el
l

Saibil H. Chaperone machines for protein folding, unfolding and dis-
aggregation. Nat Rev Mol Cell Biol 2013;14:630–642.

Salzer MC, Lafzi A, Berenguer-Llergo A et al. Identity noise and 
adipogenic traits characterize dermal fibroblast aging. Cell 
2018;175:1575–1590 e1522.

Samee N, Geoffroy V, Marty C et al. Dlx5, a positive regulator of oste-
oblastogenesis, is essential for osteoblast-osteoclast coupling. 
Am J Pathol 2008;173:773–780.

Sanders RD, Gillig PM. Cranial nerve VIII: hearing and vestibular 
functions. Psychiatry (Edgmont) 2010;7:17–22.

Sanjana NE, Shalem O, Zhang, F. Improved vectors and genome-wide 
libraries for CRISPR screening. Nat Methods 2014;11:783–784.

Schaeren-Wiemers N, Gerfin-Moser A. A single protocol to detect 
transcripts of various types and expression levels in neural 
tissue and cultured cells: in situ hybridization using digoxi-
genin-labelled cRNA probes. Histochemistry 1993;100:431–440.

Schaum N, Lehallier B, Hahn O et al; Tabula Muris Consortium. 
Ageing hallmarks exhibit organ-specific temporal signatures. 
Nature 2020;583:596–602.

Schmidt TA, Schumacher BL, Klein TJ et al. Synthesis of proteogly-
can 4 by chondrocyte subpopulations in cartilage explants, 
monolayer cultures, and resurfaced cartilage cultures. Arthritis 
Rheum 2004;50:2849–2857.

Schuknecht HF, Gacek MR. Cochlear pathology in presbycusis. Ann 
Otol Rhinol Laryngol 1993;102:1–16.

Seo MS, Lee B, Kang KK et al. Phenotype of the aging-dependent 
spontaneous onset of hearing loss in DBA/2 Mice. Vet Sci 2021;8. 
doi:10.3390/vetsci8030049

Shrestha BR, Chia C, Wu L et al. Sensory neuron diversity in the inner 
ear is shaped by activity. Cell 2018;174:1229–1246 e1217.

Simon M, Van Meter M, Ablaeva J et al. LINE1 derepression in aged 
wild-type and SIRT6-deficient mice drives inflammation. Cell 
Metab 2019;29:871–885 e875.

Slade K, Plack CJ, Nuttall HE. The effects of age-related hear-
ing loss on the brain and cognitive function. Trends Neurosci 
2020;43:810–821.

Staecker H, Zheng QY, Van De Water TR. Oxidative stress in aging in 
the C57B16/J mouse cochlea. Acta Otolaryngol 2001;121:666–672.

Stuart T, Butler A, Hoffman P et al. Comprehensive integration of sin-
gle-cell data. Cell 2019;177:1888–1902 e1821.

Su Z, Xiong H, Liu Y et al. Transcriptomic analysis highlights coch-
lear inflammation associated with age-related hearing loss 
in C57BL/6 mice using next generation sequencing. PeerJ 
2020;8:e9737.

Sun S, Babola T, Pregernig G et al. Hair cell mechanotransduction reg-
ulates spontaneous activity and spiral ganglion subtype speci-
fication in the auditory system. Cell 2018;174:1247–1263 e1215.

Suzuki T, Nomoto Y, Nakagawa T et al. Age-dependent degenera-
tion of the stria vascularis in human cochleae. Laryngoscope 
2006;116:1846–1850.

Swartz JD. Pathology of the vestibulocochlear nerve. Neuroimaging 
Clin N Am 2008:18:321–346, x–xi.

Tabula Muris C. A single-cell transcriptomic atlas characterizes age-
ing tissues in the mouse. Nature 2020;583:590–595.

Trowe MO, Maier H, Petry M et al. Impaired stria vascularis integrity 
upon loss of E-cadherin in basal cells. Dev Biol 2011;359:95–107.

Urra H, Dufey E, Avril T et al. Endoplasmic reticulum stress and the 
hallmarks of cancer. Trends Cancer 2016;2:252–262.

van der Crabben SN, Hennus MP, McGregor GA et al. Destabilized 
SMC5/6 complex leads to chromosome breakage syndrome 
with severe lung disease. J Clin Invest 2016;126:2881–2892.

Vanlandewijck M, He L, Mae MA et al. A molecular atlas of cell types 
and zonation in the brain vasculature. Nature 2018;554:475–480.

Waldhaus J, Durruthy-Durruthy R, Heller S. Quantitative high-resolu-
tion cellular map of the organ of corti. Cell Rep 2015;11:1385–1399.

Walter P, Ron D. The unfolded protein response: from stress pathway 
to homeostatic regulation. Science 2011;334:1081–1086.

Wan G, Gomez-Casati ME, Gigliello AR et al. Neurotrophin-3 regu-
lates ribbon synapse density in the cochlea and induces synapse 
regeneration after acoustic trauma. Elife 2014;3. doi:10.7554/
eLife.03564

Wang J, Puel JL. Presbycusis: an update on cochlear mechanisms and 
therapies. J Clin Med 2020;9. doi:10.3390/jcm9010218

Wang W, Sun Y, Chen S et al. Impaired unfolded protein response in 
the degeneration of cochlea cells in a mouse model of age-re-
lated hearing loss. Exp Gerontol 2015;70:61–70.

Wang S, Hu B, Ding Z et al. ATF6 safeguards organelle homeosta-
sis and cellular aging in human mesenchymal stem cells. Cell 
Discov 2018;4:2.

Wang S, Zheng Y, Li J et al. Single-cell transcriptomic atlas of primate 
ovarian aging. Cell 2020a;180:585–600 e519.

Wang S, Zheng Y, Li Q et al. Deciphering primate retinal aging at sin-
gle-cell resolution. Protein Cell 2020b;12:889–898.

Wang S, Zheng Y, Li Q et al. Deciphering primate retinal aging at sin-
gle-cell resolution. Protein Cell 2021a;12:889–898.

Wang W, Zheng Y, Sun S et al. A genome-wide CRISPR-based screen 
identifies KAT7 as a driver of cellular senescence. Sci Transl Med 
2021b;13. doi:10.1126/scitranslmed.abd2655

Wang S, Cheng F, Ji Q et al. Hyperthermia differentially affects spe-
cific human stem cells and their differentiated derivatives. 
Protein Cell 2022;13:615–622.

Wangemann P, Itza EM, Albrecht B et al. Loss of KCNJ10 protein 
expression abolishes endocochlear potential and causes deaf-
ness in Pendred syndrome mouse model. BMC Med 2004;2:30.

Watson N, Ding B, Zhu X et al. Chronic inflammation – inflammaging 
– in the ageing cochlea: a novel target for future presbycusis 
therapy. Ageing Res Rev 2017;40:142–148.

Wattamwar K, Qian ZJ, Otter J et al. Increases in the rate of age-re-
lated hearing loss in the older old. JAMA Otolaryngol Head Neck 
Surg 2017;143:41–45.

Wei J, Shimazu J, Makinistoglu MP et al. Glucose uptake and Runx2 
synergize to orchestrate osteoblast differentiation and bone 
formation. Cell 2015;161:1576–1591.

Willott JF. Effects of sex, gonadal hormones, and augmented acous-
tic environments on sensorineural hearing loss and the central 
auditory system: insights from research on C57BL/6J mice. Hear 
Res 2009;252:89–99.

Wu PZ, O’Malley JT, de Gruttola V et al. Age-related hearing loss is 
dominated by damage to inner ear sensory cells, not the cellu-
lar battery that powers them. J Neurosci 2020;40:6357–6366.

Xu C, Bailly-Maitre B, Reed JC. Endoplasmic reticulum stress: cell life 
and death decisions. J Clin Invest 2005;115:2656–2664.

Xue N, Song L, Song Q et al. Genes related to SNPs identified by 
Genome-wide association studies of age-related hearing loss 
show restriction to specific cell types in the adult mouse coch-
lea. Hear Res 2021;410:108347.

Yang T, Gurrola JG 2nd, Wu H et al. Mutations of KCNJ10 together 
with mutations of SLC26A4 cause digenic nonsyndromic hear-
ing loss associated with enlarged vestibular aqueduct syn-
drome. Am J Hum Genet 2009;84:651–657.

Yang H, Xiong H, Huang Q et al. Compromised potassium recycling 
in the cochlea contributes to conservation of endocochlear 



Single-cell transcriptomic atlas of mouse cochlear aging  |  201

Pr
ot

ei
n

 &
 C

el
l

potential in a mouse model of age-related hearing loss. Neurosci 
Lett 2013;555:97–101.

Zhang K, Kaufman RJ. The unfolded protein response: a stress 
signaling pathway critical for health and disease. Neurology 
2006;66:S102–S109.

Zhang Q, Liu H, McGee J et al. Identifying microRNAs involved in 
degeneration of the organ of corti during age-related hearing 
loss. PLoS One 2013;8:e62786.

Zhang X, Yuan Y, Jiang L et al. Endoplasmic reticulum stress induced 
by tunicamycin and thapsigargin protects against transient 
ischemic brain injury: involvement of PARK2-dependent mito-
phagy. Autophagy 2014;10:1801–1813.

Zhang Y, Chen Y, Ni W et al. Dynamic expression of Lgr6 in the 
developing and mature mouse cochlea. Front Cell Neurosci 
2015;9:165.

Zhang W, Zhang S, Yan P et al. A single-cell transcriptomic landscape 
of primate arterial aging. Nat Commun 2020;11:2202.

Zhang H, Li J, Ren J et al. Single-nucleus transcriptomic landscape of 
primate hippocampal aging. Protein Cell 2021;12:695–716.

Zhang Y, Zheng Y, Wang S et al. Single-nucleus transcriptomics 
reveals a gatekeeper role for FOXP1 in primate cardiac aging. 
Protein & Cell 2022. doi:10.1093/procel/pwac038

Zhao HB. Expression and function of pannexins in the inner ear and 
hearing. BMC Cell Biol 2016;17:16.

Zheng QY, Johnson KR, Erway LC. Assessment of hearing in 80 
inbred strains of mice by ABR threshold analyses. Hear Res 
1999;130:94–107.

Zhou Y, Hu Z. Genome-wide demethylation by 5-aza-2’-deoxycyti-
dine alters the cell fate of stem/progenitor cells. Stem Cell Rev 
Rep 2015;11:87–95.

Zhou Y, Zhou B, Pache L et al. Metascape provides a biologist-oriented 
resource for the analysis of systems-level datasets. Nat Commun 
2019;10:1523.

Zhou T, Kiran M, Lui KO et al. Decoding liver fibrogenesis with sin-
gle-cell technologies. Life Medicine 2022. doi:10.1093/lifemedi/
lnac040

Zhu Y, Scheibinger M, Ellwanger DC et al. Single-cell proteomics 
reveals changes in expression during hair-cell development. 
Elife 2019;8. doi:10.7554/eLife.50777

Zou Z, Long X, Zhao Q et al. A Single-cell transcriptomic atlas of 
human skin aging. Dev Cell 2021;56:383–397 e388.

Zou X, Dai X, Mentis A-FA et al. From monkey single-cell atlases into 
a broader biomedical perspective. Life Medicine 2022. doi:10.1093/
lifemedi/lnac028


