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Age-related hearing loss (ARHL), is a pervasive health problem worldwide. ARHL seriously affects the quality
of life and reportedly leads to social isolation and dementia in the elderly. ARHL is caused by the degeneration
or disorders of cochlear hair cells and auditory neurons. Numerous studies have verified that genetic factors
contributed to this impairment, however, the mechanism behind remains unclear. In this study, we analyzed
an mRNA expression dataset (GSE49543) from the GEO database. Differentially expressed genes (DEGs)
between young control mice and presbycusis mice were analyzed using limma in R and weighted gene co-ex-
pression network analysis (WGCNA) methods. Functional enrichment analyses of the DEGs were conducted
with the clusterProfiler R package and the results were visualized using ggplot2 R package. The STRING
database was used for the construction of the protein-protein interaction (PPI) network of the screened DEGs.
Two machine learning algorithms LASSO and SVM-RFE were used to screen the hub genes. We identified
54 DEGs in presbycusis using limma and WGCNA. DEGs were associated with the synaptic vesicle cycle,
distal axon, neurotransmitter transmembrane transporter activity in GO analysis, and alcoholic liver disease,
pertussis, lysosome pathway according to KEGG analyses. PPI network analysis identified three significant
modules. Five hub genes (CLEC4D, MS4A7, CTSS, LAPTMS5, ALOX5AP) were screened by LASSO and
SVM-RFE. These hub genes were highly expressed in presbycusis mice compared with young control mice.
We screened DEGs and identified hub genes involved in ARHL development, which might provide novel

clues to understanding the molecular basis of ARHL.
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1. Introduction

Age-related hearing loss (ARHL), or presbycusis, re-
fers to progressive, bilateral symmetrical, sensorineural
hearing loss mainly at higher frequency, and is the most
prevalent sensory impairment in the aging population [1].
It is estimated by the WHO that around there will be over
500 million ARHL patients by 2025 [2]. Although ARHL
is not life-threatening, it can affect the communication
of patients and lead to psychological and medical issues,
such as depression and cognitive decline, and patient so-
cial activity and life quality are decreased [3-5]. The treat-
ment with cochlear implants or hearing aids is the main
option for ARHL patients currently. Therefore, it is essen-
tial to deepen the understanding of the molecular basis and
explore promising therapeutic targets for ARHL.

Hair cell loss, spiral ganglion neuron degeneration and
stria vascularis atrophy are the primary causes of ARHL
[6]. Based on the sites of abnormality, the ARHL is divi-
ded into four categories including sensory presbycusis,
neural presbycusis, metabolic presbycusis, and conductive
cochlear loss [7]. The hearing aids can replace the ampli-
fication and compression that the outer hair cells, and the
sensory-motor cells of the cochlea fail to provide. Thus,
patient perception of weak sounds can be improved in

quiet conditions. However, the application of hearing aids
is still limited by background noise conditions, degenera-
tion of spiral ganglion neurons in the elderly and the high
costs [8]. Thus, exploration of the potential therapeutic tar-
gets might contribute to ARHL prevention and treatment.

With the development of bioinformatics and gene
chips, bioinformatics analysis has attracted increasing
attention in the biomedical field for the potential of explo-
ring biomarkers in diverse diseases. Previous studies have
explored the potential biomarkers and potential targets of
ARHL. For example, Liu et al. have proposed that hair
cell aging is related to autophagy, and oxidative stress, and
Sodl, Sirt6, Jund, and Cbx3 are related targets for ARHL
therapy [9]. Peng et al. have reported that four aging-rela-
ted genes (Ywhag, Mapre2, Fgfl, Acss2) are differentially
expressed in ARHL and can be used for the construction
of the prognostic model [10]. However, the molecular
mechanisms in ARHL are not fully understood, and more
efforts should be made to provide basis for the therapeutic
intervention.

Our study intended to elucidate the expression pat-
tern of DEGs and identify hub genes involved in ARHL
based on bioinformatics analysis. We explored the gene
expression pattern in ARHL in GSE49543 dataset using
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the R limma package combined with WGCNA. The PPI
network of the DEGs was constructed and the machine
learning algorithms were applied for the selection of the
hub genes. The findings of our work might provide clues
for understanding the molecular basis of ARHL.

2. Materials and Methods
2.1. Data collection and processing

GeneChip data were downloaded from the GSE49543
dataset [11] from GEO database. The GSE49543 dataset
contains 41 samples, with 9 young control CBA mouse
cochlea samples and 32 ARHL mouse cochlea samples,
and the annotation platform was GPL339 [MOE430A]
Affymetrix Mouse Expression 430A Array.

2.2. Identification of differentially expressed genes
(DEGS)

The DEGs between ARHL and young mice were
screened using the limma package in R (version 4.2.1) in
GSE49543 dataset and with |logFold Change (FC)| > 0.7,
and P value < 0.05 as the threshold value. The statistical
significance was calculated using Wilcoxon rank sum test.
The results were visualized as heatmaps and volcano plots
using the ggplot2 package.

2.3. Weighted gene co-expression network analysis
(WGCNA)

WGCNA was used for the exploration of gene expres-
sion correlation [12]. The co-expression network of all
genes in the GSE49543 dataset was constructed, and for
the estimation of the network connection, adjacency was
evaluated using the “soft” thresholding power () derived
from co-expression similarity. Then the weighted adjacen-
cy matrix was converted into a topological overlap matrix,
and its clustering tree structure is built using a hierarchical
clustering method. Gene modules were identified by
classifying genes with same expression pattern based on
weighted correlation coefficient. The gene modules were
represented by different clustering tree branches, and indi-
cated by different colors. The modules with significant dif-
ferences between the young-control and presbycusis group
were then confirmed and genes in the differential modules
were obtained.

The genes in the MEyellowgreen and MElightcyan
modules and DEGs identified using limma in GSE49543
dataset were intersected and visilized by Venn diagram,
and finally, the DEGs between presbycusis and young
mice were screened for further analysis.

2.4. Functional enrichment analyses

Gene Ontology (GO) and Kyoto Genome Encyclopedia
(KEGG) enrichment analyses of the screened DEGs were
performed for the exploration of the biological functions
and signalings implicated in ARHL progression using the
clusterProfiler R package and ggplot2 R package.

2.5. Hub gene identification by machine learning

For the analyses of screened DEGs in presbycusis,
two machine learning algorithms, Least Absolute Shrin-
kage and Selection Operator (LASSO) [13] using glmnet
package and Support Vector Machine-Recursive Feature
Elimination (SVM-RFE) [14] using e¢1071 package were
performed. Finally, the results of the two machine learning
algorithms were intersected and shown by Venn diagram.

2.6. Construction of the PPI networks

The STRING database (https://string-db.org/) was ap-
plied for the exploration of the interaction between target
proteins and constructing the PPI networks. Cytoscape
(version 3.7.2) was used for the evaluation and visualiza-
tion of the networks. The clustering analysis was conduc-
ted using the MCODE function.

3. Results
3.1. Identification of DEGs in ARHL

The RMA-normalized microarray data in aging CBA
mice were downloaded from the GSE49543 dataset. To-
tally 129 DEGs were in presbycusis mice compared with
young control mice. The top 100 DEGs between ARHL
mouse cochlea samples and young control samples were
identified and shown in the heatmap (Fig. 1A). Fig. 1B
presented the volcano plot of the DEGs screened by lim-
ma. For WGCNA network construction, totally 41 samples
in the GSE49543 dataset were included, and we identified
17 modules on the thresholding power of § = 6 (Fig. 1C).
We found that the yellow-green (coefficient=0.83, p=1e-
04) and light-cyan modules (coefficient=-0.61, p=0.02)
showed the highest correlation with ARHL, and were
used as the pivotal modules for further analysis (Fig. 1D).
We then evaluated the correlation between module mem-
bership and gene significance for age in the two selec-
ted modules. The results showed a positive correlation
between the module membership in yellow-green modules
and gene significance for age (Cor=0.7, p=3.9¢-09) (Fig.
1E), and also between the module membership in light-
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Fig. 1. Identification of DEGs in presbycusis. (A) Heatmap and (B)
volcano plot of the differentially expressed genes in presbycusis in
GSE49543 dataset. (C) WGCNA cluster dendrogram. Different co-
lors represented gene co-expression modules under the gene tree.
(D) Heatmap of the relationships between modules and presbycusis.
Gene correlation scatter plots in the (E) yellow-green module or (F)
light-cyan module. (G) Venn of the intersecting genes between DEGs
selected by WGCNA and DEGs selected by limma in the GSE49543
dataset.
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cyan module and gene significance for age (Cor=0.46,
p=5.3e-18) (Fig. 1F). As shown in Figure 1G, totally 172
DEGs in the two modules were selected by WGCNA, and
129 DEGs were selected by limma in GSE49543 dataset,
and 54 genes were identified in the intersection.

3.2. Functional enrichment analysis of the DEGs in
presbycusis

GO and KEGG enrichment analyses of the DEGs
between presbycusis and young mice were conducted, and
the results indicated that these selected DEGs were closely
related to transmission of neural signals such as synapse
organization, synaptic transmission as well as neurotrans-
mitter transport in biological processes (Fig. 2A); neuron,
axon, and collagen in cellular component (Fig. 2B); gly-
cosaminoglycan binding and in molecular function (Fig.
2C). KEGG analysis showed that the age-related DEGs
were associated with the infectious diseases, IL-17 signa-
ling pathway as well as synaptic vesicle cycle (Fig. 2D).

3.3. Protein-protein interaction (PPI) network of the
DEGs

The PPI network analysis of the 54 DEGs was construc-
ted on the STRING database. (Fig. 3A). The Cytoscape
software was used to calculate the PPI network via the de-
gree and the isolated nodes were removed. Furthermore,
clustering analysis was conducted using the MCODE, and
three significant gene clusters were obtained (Fig. 3B-D).

3.4. Screening of the hub genes based on machine lear-
ning

Two machine learning algorithms LASSO and SVM-
RFE were used to screen the hub genes. Firstly, 5 genes
were selected by LASSO regression algorithm from the
DEGs (Fig. 4A). Next, 16 genes were identified by the
SVM-RFE algorithm (Fig. 4B). Moreover, as shown in
the Venn diagram, totally 5 intersecting genes were selec-
ted and confirmed as the hub genes, namely CLEC4D,
MS4A7, CTSS, LAPTMS5, and ALOX5AP. Moreover, the
hub gene expression pattern in presbycusis was explored,
and all these five hub genes were significantly upregulated
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Fig. 2. Functional enrichment analysis of the DEGs in presbycusis.
GO enrichment analysis regarding (A) biological process, (B) cellular
component, (C) molecular function, and (D) KEGG enrichment ana-
lysis of the age-related DEGs in presbycusis.

in presbycusis mice in comparison with the young control
mice in the GSE49543 dataset, which might be associated
with the presbycusis progression (Fig. 4D-H).

4. Discussion

ARHL, also known as presbycusis, is a prevalent neu-
rodegenerative disorder as well as a common chronic
medical condition in the elderly [4]. Increasing evidence
has revealed that the risk of cognitive impairment or
decline increases in ARHL patients, which considerably
affects public health and quality of life of patients. In the
current study, we explored the potential genomic changes
induced by age-related hearing loss based on the bioinfor-
matics analysis. Totally 54 DEGs were screened based on
the WGCNA and limma in the GSE49543 dataset. Five
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Fig. 3. Construction of the PPI network of the DEGs. (A) The PPI
networks of the DEGs presbycusis were constructed using String da-
tabase and Cytoscape software. (B-D) Three significant modules were
identified in the PPT network.

AL B C
i."- _‘.-": iu
}- ‘/ §’
D E F
I” == |
i ] i [ i v
G Bt H e

Fig. 4. Selection of the hub genes in presbycusis. (A) LASSO regres-
sion algorithm. (B) SVM-RFE algorithm. (C) Venn diagrams showed
the intersecting genes in the two algorithms. Relative expression of
(D) Ms4a7, (E) Alox5ap, (F) Laptm5, (G) Clec4d, and (H) Ctss.
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hub genes were identified via machine learning, namely
Clec4d, Ms4a7, Ctss, Laptm5, and Alox5ap, and the upre-
gulation of the 5 hub genes was further demonstrated in
presbycusis mice based on the GSE49543.

Cochlea is the auditory portion of the inner ear, and
changes with aging process, which is considered as the
main reason for presbycusis [15]. The process of cochlea
aging is a complex process, and structures and genes rela-
ted to sensory transduction and neurotransmission were
involved [16]. Thus, analyzing the genomic alterations in
presbycusis could deepen the understanding of the physio-
pathological mechanisms of this disease [17]. Zeng et al.
have reported that the ferroptosis-related gene lactotrans-
ferrin (LTF) is a hub gene involved in cochlear ferropto-
sis and demonstrated that LTF is donw-regulated in the
aging HEI-OCI1 auditory cells and in the aging cochleae
in C57BL/6J mice [18]. Schubert et al. have found that
the genes related to aging, senescence, and deafness were
differentially expressed in the cochlear substructures ac-
cording to transcriptomic analyses [19]. In our study, we
explored the DEGs in the cochlea of aging CBA mice
based on the GSE49543 dataset. The CBA mouse strain is
commonly used for the establishment of mouse models for
presbycusis and are valuable for understanding the beha-
vioral, neural and molecular bases of presbycusis at both
cochlear and brain levels [9, 20, 21]. Based on WGCNA
and analysis with limma, we found 54 DEGs in the cochlea
of aging CBA mice. Moreover, enrichment analysis was
conducted to explore the biological functions and related
signaling pathways of the selected DEGs. We identified
that these DEGs were primarily enriched in the synapse
organization and transmission of neural signal as well as
the immune response, axon growth and activity of neu-
rotransmitter transmembrane transporter according to GO
enrichment analysis. Degeneration of stria vascularis, hair
cells, and neurons are closely related to the pathological
changes of presbycusis, and can be induced by both noise
exposure and aging [6]. According to KEGG enrichment
analysis, these DEGs were associated with alcoholic liver
disease, pertussis, lysosome pathway and inflammation-
related pathways such as IL-17 signaling pathway, which
is consistent with the previous findings that chronic in-
flammation occurs in response to aging of immune system,
and the expression of pro-inflammatory cytokines such as
IL-6 and TNF-a is closely associated with the hearing loss
process [22].

Furthermore, the PPI network of the selected DEGs
was built with three significant modules. Genes such as
MS4A7, MS4A6D, CTS5, ALOX5AP and some others are
closely associated with other proteins with high degree on
the interaction network. Additionally, the hub genes were
screened by two machine learning algorithms LASSO and
SVM-RFE. Finally, 5 hub genes including Clec4d, Ms4a7,
Ctss, Laptm5, and Alox5Sap were identified. C-type lectin
receptor 4D (CLEC4D) is a member of the C-type lectin
receptor family and is mainly expressed in the surface of
dendritic cells and macrophages, playing a critical role in
the immune response [23]. Previous literature has revea-
led that CLEC4D is involved in cancer development and
might be deregulated in the context of aging [24]. Mem-
brane spanning 4-domains A7 (MS4A7) belongs to the
MS4A family, and is potentially involved in the mature
cell functions in the monocyte lineage, and participates
in signal transduction [25]. Studies have also shown that

Ms4a7 is an immune signature related to cancer progno-
sis [26-28]. Cathepsin S (CTSS) is aberrantly expressed
in various diseases, including neurological pathologies.
The secretion of CTSS is revealed to affect the neuron
activation as well as synaptic responses in normal condi-
tions, and CTSS expression is reported to be upregulated
in neurodegenerative diseases [29]. Additionally, Ctss is
related to microglia inflammatory response in the stroke,
and inhibition of the Ctss expression can attenuate the
inflammation and protect brain from damage, improving
the neurological functions of mice with stroke [30]. Lyso-
somal protein transmembrane 5 (LAPTMS) is a protein
preferentially expressed in immune cells and is reported to
negatively regulate the T and B cell receptor signaling by
interacting with the T and B cell receptors [31]. Arachido-
nate 5-lipoxygenase activating protein (Alox5ap) is a cri-
tical enzyme related to leukotriene production, and which
is an important immunomodulating and proinflammatory
lipid mediator in diseases [32]. Overall, the direct involve-
ment of the hub genes in age-related hearing loss is rarely
reported. In this study, we revealed that these 5 hub genes
were at higher expression levels in the presbycusis mice,
which suggested the potential of the five genes for the the-
rapeutic intervention of presbycusis. However, future stu-
dies are needed to further validate the biological roles in
presbycusis development using gene KO mouse models.

5. Conclusion

In conclusion, 54 DEGs between ARHL and young
control mice were identified, and 5 5 hub genes including
Clec4d, Ms4a7, Ctss, Laptm5, and Alox5ap upregulated in
ARHL were screened, which might provide clues for the
anti-ARHL treatment.
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