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Background Noise and drug-induced hearing loss (HL) is becoming more and more
serious, but the integration and analysis based on transcriptomics and proteomics are
lacking. On the one hand, this study aims to integrate existing public transcriptomic data on
noise and gentamicin-induced HL. On the other hand, the study aims to establish the
gentamicin and noise-induced HL model of guinea pigs, then to perform the transcriptomic
and proteomic analyses. Through comprehensive analysis of the above data, we aim to
screen, predict, and preliminarily verify biomarkers closely related to HL.

Material and Methods We screened the Gene Expression Omnibus database to obtain
transcriptome data expression profiles of HL caused by noise and gentamicin, then
constructed the guinea pig HL model and perform the transcriptomic and proteomic
analyses. Differential expression and enrichment analysis were performed on public and
self-sequenced data, and common differentially expressed genes (DEGs) and signaling
pathways were obtained. Finally, we used proteomic data to screen for common differential
proteins and validate common differential expression genes for HL.

Results By integrating the public data set with self-constructed model data set, we
eventually obtained two core biomarkers of HL, which were RSAD2 and matrix
metalloproteinase-3 (MMP3). Their main function is to regulate the development of
sense organ in the inner ear and they are mainly involved in mitogen-activated protein
kinase and phosphoinositol-3 kinase/protein kinase B signaling pathways. Finally, by
integrating the proteomic data of the self-constructed model, we also found differen-
tial expression of MMP3 protein. This also preliminarily and partially verified the above-
mentioned core biomarkers.

Conclusion and Significance In this study, public database and transcriptomic data of
self-constructed model were integrated, and we screened out two core genes and

DOI https:/[doi.org/ © 2023. The Author(s).
10.1055/5-0043-1777069. This is an open access article published by Thieme under the terms of the
ISSN 2699-9404. Creative Commons Attribution License, permitting unrestricted use,

distribution, and reproduction so long as the original work is properly cited.
(https:/[creativecommons.org/licenses/by/4.0/)

Georg Thieme Verlag KG, RidigerstraRe 14, 70469 Stuttgart,
Germany

357


mailto:yangsm301@263.net
mailto:yuning@301hospital.org
https://doi.org/10.1055/s-0043-1777069
https://doi.org/10.1055/s-0043-1777069

358 Study on Screening Core Biomarkers of Noise and Drug-Induced Hearing Loss

Qiu et al.

various signal pathways of HL through differential analysis, enrichment analysis, and
other analysis methods. Then, we preliminarily validated the MMP3 by proteomic
analysis of self-constructed model. This study pointed out the direction for further
laboratory verification of key biomarkers of HL, which is of great significance for
revealing the core pathogenic mechanism of HL.

Introduction

With the industrial and military developments of modern
society, the ototoxic substances and noise, which are
ubiquitous in the human living environment, have had
increasingly adverse effects on human hearing and caused
serious hearing loss (HL) problems worldwide.'™® It is
estimated that by 2050, the global incidence of HL will
double to more than 900 million people.” Although appro-
priate precautions can minimize relevant exposures, they
cannot be completely avoided. Deaf patients are unable to
communicate normally with the outside world, and this
seriously affects their life quality. Among the many causes
of HL, the most common ones are noise and drugs with the
latter being mainly caused by aminoglycoside antibiotics,
especially gentamicin.®

Transcriptome sequencing analysis can obtain disease-
related biomarkers by analyzing the patient’s gene expres-
sion profile, thereby providing strong evidence for disease
diagnoses and treatments. Currently, there are few reports
on integrated transcriptome sequencing analysis for HL.
Based on the transcriptomic data of HL caused by noises
and gentamicin in the public database, combined with the
construction of the guinea pig model of related HL, from
which we also obtained transcriptomic and proteomic data,
and through bioinformatic methods, we screened, predicted,
and initially verified biomarkers closely related to HL, which
provides new insights into further mechanism research and
clinical treatment of HL.

Materials and Methods

Public Database Transcriptome Data Collection and
Processing

This study obtained data on gene expression changes in
mouse cochlear soft tissue induced by gentamicin and noise
from the Gene Expression Omnibus database. The keywords
“noise” and “gentamicin” were used to search, respectively.
The species included Homo sapiens, guinea pigs, rats, and
mice. The data type was high-throughput sequencing or
microarray data, with corresponding control groups and
experimental groups. The sample size of each group is no
less than 3. The final screening selected GSE158431 and
GSE8342. The original files of both data sets were down-
loaded, and the R packages “Affy” and “Simpleaffy” were used
to perform background adjustment and normalization proc-
essing on the data sets.
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Construction of Animal Model of HL and Collection and
Processing of Sequencing Data

Construction of Animal Model of HL in Guinea Pigs

The researchers selected 60 healthy guinea pigs of both sexes,
with no history of exposure to noise or ototoxic drugs,
sensitive acoustic reflexes, and normal hearing in the audi-
tory brainstem response (ABR) audiometry test before the
experiment. The 60 guinea pigs were randomly divided into a
blank control group, a drug group, and a noise group with 20
animals in each group (40 ears).

The guinea pigs in the drug group were intraperitoneally
injected with 50 mg/kg gentamicin every day for 10 consecu-
tive days. The noise group required a binaural pulse noise
(50 times, peak sound pressure 163 decibel sound pressure
level, pulse width 0.25 ms, frequency 8 k, and interval 6.5 sec-
onds) exposure be performed while the guinea pigs were
awake. During the noise exposure period, the temperature
and humidity was constant (20-26°C, 45-50%), and the food
and water were sufficient. After the noise exposure, the
animals were returned to their cages.

After model establishment, audiology (ABR), pathological
morphology, and molecular testing and comparative analysis
were conducted to confirm that the animal models were
established successfully. It was found that compared with the
blank group, the remaining groups had varying degrees of
functional damage, morphological damage, and molecular
changes (p < 0.05).

Transcriptomic Sequencing Analysis

Material Collection Process

Two cochleae of each guinea pig were taken as one sample.
After a guinea pig was decapitated and the cochlea is taken
out, the bony volute was quickly peeled off in precooled
physiological saline, and all the soft tissues in the cochlea
were retained and quickly put into a 1.5-mL Eppendorf (EP)
tube, and then stored in a -80°C refrigerator. The whole
process was finished within 3 minutes.

Sequencing Stage

First, we used a kit to isolate the total ribonucleic acid (RNA) of
the sample and detected the integrity and quality of the
extracted RNA. Then, we used magnetic beads containing oligo
(dT) to enrich the messenger RNA (mRNA) and randomly
interrupted the mRNA by adding fragmentation buffer. After
that, the first complementary deoxyribonucleic acid (cDNA)
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strand was synthesized with six-base random hexamers using
mRNA as a template. Buffer, deoxynucleotide triphosphates,
and DNA polymerase I then were added to synthesize
the second cDNA strand. The purified double-stranded cDNA
was end-filled, added with A-tail and adapter, and use poly-
merase chain reaction to amplify the cDNA library. Finally, the
[llumina platform was used for on-machine sequencing.

Process of Transcriptome Sequencing Off-Machine Data
Fastp software was used to process raw reads in the fastq
format, so that the low-quality reads were removed to obtain
clean reads for subsequent data analysis. The study used
HISAT2 software for reference genome alignment, and
obtained the read counts of each gene through HTSeq-count,
which ultimately formed the gene expression profile for
downstream analysis.

Proteomic Sequencing Analysis

Material Collection Process

Two cochleae of each guinea pig were taken as one sample.
After a guinea pig was decapitated and the cochlea is taken
out, the bony volute was quickly peeled off in precooled
physiological saline, and all the soft tissues in the cochlea
were retained and quickly put into a 1.5-mL EP tube, and
then stored in a -80°C refrigerator. The whole process was
finished within 3 minutes.

Protein Extraction, Concentration Determination, and Sodium
Dodecyl-Sulfate Polyacrylamide Gel Electrophoresis Detection
An appropriate amount of frozen sample was taken out and
transferred to a 1.5-mL centrifuge tube. The sample was
placed in a cold grinding instrument for grinding. The sample
lysate and protease inhibitor (phenylmethylsulfonyl fluo-
ride) were added to make it a final concentration of 1 mM.
The cold grinding instrument is set at -35°C, 60 Hz, 120 sec-
onds, and repeated once. The solution was centrifuged at
12,000 x g at room temperature for 10 minutes, the super-
natant taken, and centrifuged again to take the supernatant.
The supernatant was the total protein solution of the sample.
The protein concentration was determined, aliquoted, and
stored at -80°C for later use.

A quantity of 10 ug of protein was used for the separation
process using sodium dodecyl-sulfate polyacrylamide gel
electrophoresis with a 12% gel. Subsequently, the gel was
stained with Kaumas Brilliant Blue using eStain LG (Gen-
Script, Nanjing, China). The analysis of the gel was performed
using an automatic digital method.

The Sample was Decomposed with Trypsin and the
Decomposed Peptide was Desalinated

Based on the recorded protein concentration, extract an
equal amount of protein (50ug) from every sample, and
then dilute various sets of samples to match in terms of
concentration and volume. Mix the protein solution with
25 mM dithiotreitol (DTT), adjusting the volume accordingly,
to achieve a final concentration of approximately 5 mM DTT.
Then, incubate the mixture at a temperature of 55°C for a

Qiu et al.

duration of 30 minutes. Once cooled to room temperature on
ice, proceed by adding the appropriate amount of iodoace-
tamide to achieve a final concentration of approximately
10 mM. Subsequently, keep the mixture in a dark environ-
ment at room temperature for 15 minutes. Next, add six
times the amount of prechilled acetone to the aforemen-
tioned system to cause protein precipitation, and store it at a
temperature of -20°C for a minimum of 4 hours or overnight.
Following the occurrence of precipitation, extract the speci-
men and subject it to centrifugation at a force of 8,000 x g for
aduration of 10 minutes at a temperature of 4°C. This process
aims to gather the sediment, which should then be left
undisturbed for a period of 2 to 3 minutes to allow the
acetone to evaporate. To dissolve the protein precipitate
again, 100 pL of a 50-mM NH4HCO3 solution was added.
The corresponding volume of enzymolysis diluent should be
added based on the protein content, following a protein-to-
enzyme ratio of 50:1 (m/m). For instance, if 100 ug of protein
is present, 2 ug of enzyme should be added. Subsequently, the
solutions were incubated at 37°C overnight for digestion. The
enzymatic reaction was halted by adjusting the pH to 3 using
phosphoric acid. Finally, the samples were subjected to
desalting using SOLA SPE. Following the vacuum drying
process, the samples were reconstituted and supplemented
with iRT peptides (1:10).

The Samples were Identified by Liquid Chromatography-Tandem
Mass Spectrometry

The proteomic data analysis was performed by Shanghai
Luming Biological Technology Co., LTD (Shanghai, China).
The TimsTOF Pro2 mass spectrometer (Bruker) and nano-
Elute (Bruker) instruments were employed for conducting
shotgun proteomics and data-independent acquisition (DIA)
experiments. The samples were loaded onto an EASY-nLCTM
1200 system (Thermo, United States) and separated using a
C18 column measuring 25cm x 75pm. The flow rate was
maintained at 300 nL/min throughout the experiment, while
the linear gradient was programmed as follows: from 0 to
45 minutes, a gradient of 2 to 22% B was applied; from 45
to 50 minutes, a gradient of 22 to 37% B was applied; from 50
to 55 minutes, a gradient of 37 to 80% B was applied; and
from 55 to 60 minutes, a gradient of 80% B was applied.

In the context of DIA, the collision energy was systemati-
cally increased in a linear manner, ion mobility is set from 0.7
to 1.3 Vsjcm?, with the collision energy varying from 59 to
20 eV, respectively. The tandem mass spectrometry spectra
were recorded within the mass-to-charge ratio (m/z) range of
100 to 1,700.

The Spectronaut Pulsar 16.2.221229.55965 (Biognosys,
Switzerland) was utilized with its default factory settings
for the purpose of conducting a search and generating a
library. This process involved the utilization of trypsin/P as
the enzyme, allowing for a maximum of two missed clea-
vages, considering oxidation of Me as a variable modification,
carbamidomethyl as a fixed modification, and maintaining a
1% false discovery rate for peptide-spectrum match, peptide,
and protein identification. The DIA data was subsequently
analyzed using Spectronaut, employing the aforementioned
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spectral library. Main parameters of the software were set as
follows: The unidentified restriction site was observed to
occur up to two times. The cysteine residue (C) was stabilized
through carbamide methylation modification, while the N-
terminal propionylation modification and the oxidation
modification of methionine (M) in the protein were sub-
jected to variable modification. To screen the mass spec-
trometry data, a screening threshold of 0.01 was established
for both the mass precursor Q-value and the protein Q-value.
The employed data normalization strategy involved local
normalization. Our analysis of mass spectrometry data was
specifically concentrated on the MS2 level and utilized the
uniprot-Cavia porcellus-10141-2023.02.13.fasta database.
These experimental parameters and strategies were meticu-
lously selected to align with our study objectives and fulfill
our data analysis requirements.

DEGs Analysis

Analysis of DEGs in Public Data Sets

The differentially expressed genes (DEGs) between normal
mice and mice treated with noise and gentamicin were
screened with the help of the R package-limma. The thresh-
old for DEGs was defined as |LogFC| > 0.5 and p-value < 0.05.

Analysis of DEGs from Sequencing Data in Self-
Constructed HL Model

The study used R language to convert the sequenced data from
counts type to tpm type, and then used the limma package to
screen the DEGs on the sequenced data of the blank control
group, the drug group, and the noise group. The thresholds of
DEGs were defined as |LogFC| > 0.5 and p-value < 0.05.

Functional Enrichment Analysis

The online database Metascape was used to conduct func-
tional enrichment analysis of DEGs in public data sets and
self-constructed HL model data sets, including Gene Ontolo-
gy (GO) enrichment, Kyoto Encyclopedia of Genes and
Genomes (KEGG), and biomolecular pathway enrichment
(Reactome), among which pathways with p <0.05 were
considered to be statistically significant.

Screening of Core Genes and Signaling Pathways for
Hearing Damage Caused by Noise and Gentamicin
With the help of the Venn diagram tool to do intersection
process of the above data, the common DEGs and signaling
pathways of the public data sets and self-constructed HL model
data sets for noise and gentamicin-induced HL were obtained.

Validation of Core Genes for HL Based on Differential
Proteomics

Credible proteins and differential proteins can be obtained
after DIA quantitative proteomics biological information
analysis. Core genes can be obtained through the previous
analysis of DEGs. The core genes corresponding to the
regulation of differential protein expression can be found
in the differential protein data. At the same time, a statisti-
cally significant difference was required, which was p < 0.05.
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Statistical Method

The statistical analysis involved in this study was completed
in R software [V 4.1.3]. The Wilcoxon test was used for
comparison between the two sets of data. The standard for
statistical significance was a two-sided test, and it was
considered statistically significant with p < 0.05.

Results
Differentially Expressed Gene Analysis

Screening of DEGs in Public Data Sets

Atotal of 906 DEGs were screened from the GSE140087 noise
data set, including 458 upregulated genes and 448 down-
regulated genes (~Fig. 1). A total of 294 DEGs were screened
from the GSE59913 gentamicin data set, including 131
upregulated genes and 163 downregulated genes (~Fig. 2).

Screening of DEGs from Sequencing Data in Self-
Constructed HL Model

A total of 1,683 DEGs were screened from the noise data set,
including 1,159 upregulated genes and 524 downregulated
genes (~Fig. 3). A total of 2,446 DEGs were screened from the

~log10(P.Value)

log2FoldChange

Fig. 1 Volcano plot of differentially expressed genes (DEGCs) in the
public GSE140087 noise data set.

~log10(P.Value)

]
log2FoldChange

Fig. 2 Volcano plot of differentially expressed genes (DEGs) in the
public GSE59913 gentamicin data set.
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~log10(P.Value)

log2FoldChange

Fig. 3 Volcano plot of differentially expressed genes (DEGs) in the
noise data set from the self-constructed hearing loss (HL) model.

gentamicin data set, including 916 upregulated genes and
1,530 downregulated genes (~Fig. 4).

Functional Enrichment Analysis

Functional Enrichment Analysis of DEGs from Public Data
Sets

In the GSE140087 noise data set, GO enrichment analysis
found that these DEGs were mainly enriched in processes
such as inflammatory response, cell response to external
stimuli, and cell migration (~Fig. 5). At the same time, in the
GSE59913 gentamicin data set, related DEGs were found to
be significantly enriched in aspects such as immune re-
sponse, inner ear development, and response to external
stimuli (~Fig. 6).

In the GSE140087 noise data set, it was found that the
signaling pathways with significant enrichment in KEGG
included the mitogen-activated protein kinase (MAPK) sig-
naling pathway, the tumor necrosis factor signaling pathway,
and the phosphoinositol-3 kinase/protein kinase B (PI3K-
Akt) signaling pathway (=Fig. 7). In the GSE59913 gentami-
cin data set, however, it was mainly enriched in signaling
pathways such as neuroactive ligand-receptor interaction
and tyrosine metabolism (~Fig. 8).

~log10(P.Value)

[
log2FoldChange

Fig. 4 Volcano plot of differentially expressed genes (DEGs) in the
gentamicin data set from the self-constructed hearing loss (HL) model
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In addition, a pathway enrichment analysis was also
conducted in the Reactome database. The results showed
that the DEGs in the noise injury data set were mainly
enriched in signaling pathways related to metabolism and
Toll-like receptors (=Fig. 9), while gentamicin-induced hear-
ing impairment DEGs were significantly enriched in sensory
perception, sensory processing of sound, and G protein-
coupled receptor (GPCR) signaling (=Fig. 10).

Functional Enrichment Analysis of DEGs from Sequencing
Data in Self-Constructed HL Model

In the noise data set from the self-constructed HL model, GO
enrichment analysis results showed that these DEGs were
mainly significantly enriched in the extracellular matrix,
sensory perception of mechanical stimulation, sensory organ
development, inflammatory response, and sensory percep-
tion of sound (~Fig. 11), while the DEGs in the gentamicin
data set from the self-constructed HL model were mainly
enriched in GO functions, such as extracellular matrix,
regulation of MAPK cascade, sensory organ development,
and cellular molecular transport (~Fig. 12).

The enrichment analysis of KEGG signaling pathway
showed that DEGs in the noise data set from the self-con-
structed HL model were significantly enriched in neuroactive
ligand-receptor interactions, PI3K-Akt, cytokine-cytokine
receptor interactions, MAPK, and peroxisome proliferator-
activated receptor (=Fig. 13). The DEGs in the gentamicin
data set from the self-constructed HL model were mainly
enriched in Rap1, MAPK, PI3K-Akt, and cGMP-PKG (~Fig. 14).

In addition, the signal pathway enrichment analysis in the
Reactome database showed that the DEGs in the noise data
set from the self-constructed HL model was mainly concen-
trated in GPCR signaling, sensory processing of sound, inter-
leukin signaling, sensory processing of sound by cochlea, and
MAPK family signal cascade (=Fig. 15). The DEGs in the
gentamicin data set from the self-constructed HL model were
mainly enriched in receptor tyrosine kinase signaling, GPCR
signaling, MAPK family signaling cascade, and vascular en-
dothelial growth factor signaling (~Fig. 16).

Screening of Core Genes and Signaling Pathways for
Single-Factor HL in Guinea Pigs

The DEGs and enrichment results in the public data set and self-
constructed HL model data set were integrated and intersected.
What was obtained included two core biomarkers (RSAD2 and
matrix metalloproteinase-3 [MMP3]) (~Fig. 17), 170 GO-relat-
ed enrichment pathways (~Fig. 18), 37 KEGG-related signaling
pathways (=Fig. 19), and 10 Reactome-enriched signaling
pathways (=Fig. 20). The core GO enrichment functions of
DEGs included inner ear development, sensory organ develop-
ment and cartilage development, and the core regulatory sig-
naling pathways of DEGs included MAPK, PI3K-Akt, receptor
tyrosine kinase signaling, GPCR signaling, and Toll-like receptors.

Validation of Core Genes Based on Proteomics of
Self-Constructed HL Model

This study combined the proteomic data set for preliminary
verification. The result showed that the expression level of
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G0:0045596: negative regulation of cell differentiation
GO0:0030335: positive regulation of cell migration
G0:0030097: hemopoiesis

G0:0006954: inflammatory response

G0:0032103: positive regulation of response to external stimulus
G0:0008283: cell population proliferation
GO0:0005667: transcription regulator complex
G0:0009725: response to hormone

G0:0001944: vasculature development

G0:0071396: cellular response to lipid

G0:0009991: response to extracellular stimulus
G0:0043086: negative regulation of catalytic activity
G0:0048732: gland development

GO0:0009617: response to bacterium

GO0:0061061: muscle structure development
G0:0008134: transcription factor binding
G0:0048511: rhythmic process

G0:0006935: chemotaxis

G0:0042327: positive regulation of phosphorylation
G0:0070848: response to growth factor

0 5 10 15 20
-log10(P)

Fig. 5 The top 20 pathways enriched by Gene Ontology (GO) of differentially expressed genes (DEGs) in the public GSE140087 noise data set.

G0:0009582: detection of abiotic stimulus
G0:0099537: trans-synaptic signaling

G0:0055074: calcium ion homeostasis

G0:0031012: extracellular matrix

GO0:0050778: positive regulation of immune response
GO0:0009266: response to temperature stimulus

| G0:0045165: cell fate commitment

| G0:0097060: synaptic membrane

] G0:0031175: neuron projection development

] G0:0098660: inorganic ion transmembrane transport
1 G0:0031347: regulation of defense response

1 G0:0008499: UDP-galactose:beta-N-acetylglucosamine beta-1,3-galactosyltransferase activity
] G0:0005509: calcium ion binding

1 G0:0010996: response to auditory stimulus

1 G0:0071345: cellular response to cytokine stimulus
G0:0006954: inflammatory response
G0:0070372: regulation of ERK1 and ERK2 cascade
G0:0044297: cell body
] G0:0007187: G protein-coupled receptor signaling pathway, coupled to cyclic nucleotide second messenger
1 G0:0034774: secretory granule lumen
0 2 4 6 8 10 12
-log10(P)

Fig. 6 The top 20 pathways enriched by Gene Ontology (GO) of differentially expressed genes (DEGs) in the public GSE59913 gentamicin data
set.

hsa04010: MAPK signaling pathway
hsa04668: TNF signaling pathway
hsa05200: Pathways in cancer
hsa05202: Transcriptional misregulation in cancer
hsa05169: Epstein-Barr virus infection
hsa05208: Chemical carcinogenesis - reactive oxygen species
hsa04380: Osteoclast differentiation
hsa05323: Rheumatoid arthritis
hsa05167: Kaposi sarcoma-associated herpesvirus infection
hsa01240: Biosynthesis of cofactors
hsa05132: Salmonella infection
hsa04932: Non-alcoholic fatty liver disease
hsa04068: FoxO signaling pathway
hsa05160: Hepatitis C
hsa04066: HIF-1 signaling pathway
hsa04060: Cytokine-cytokine receptor interaction
] hsa05205: Proteoglycans in cancer
| hsa05204: Chemical carcinogenesis - DNA adducts
| hsa04933: AGE-RAGE signaling pathway in diabetic complications
] hsa00053: Ascorbate and aldarate metabolism

0 2 4 6 8 10 12 14 16
-log10(P)

Fig.7 Thetop 20 pathways enriched by Kyoto Encyclopedia of Genes and Genomes (KEGG) of differentially expressed genes (DEGs) in the public
GSE140087 noise data set.
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hsa04080: Neuroactive ligand-receptor interaction
hsa00350: Tyrosine metabolism

hsa05224: Breast cancer

hsa04658: Th1 and Th2 cell differentiation

hsa04657: IL-17 signaling pathway
hsa04610: Complement and coagulation cascades

T

0 1 2 3 4
-log10(P)

Fig. 8 The top 7 pathways enriched by Kyoto Encyclopedia of Genes and Genomes (KEGG) of differentially expressed genes (DEGs) in the public

GSE59913 gentamicin data set.

R-HSA-2262752: Cellular responses to stress
R-HSA-449147: Signaling by Interleukins
R-HSA-9006934: Signaling by Receptor Tyrosine Kinases
R-HSA-6798695: Neutrophil degranulation
R-HSA-9711123: Cellular response to chemical stress
R-HSA-199991: Membrane Trafficking

R-HSA-556833: Metabolism of lipids

R-HSA-1257604: PIP3 activates AKT signaling
R-HSA-3700989: Transcriptional Regulation by TP53
R-HSA-400253: Circadian Clock

R-HSA-381119: Unfolded Protein Response (UPR)
R-HSA-448424: Interleukin-17 signaling
R-HSA-1852241: Organelle biogenesis and maintenance
R-HSA-372790: Signaling by GPCR

R-HSA-9634815: Transcriptional Regulation by NPAS4
R-HSA-422475: Axon guidance

R-HSA-9614085: FOXO-mediated transcription
R-HSA-373755: Semaphorin interactions
R-HSA-9716542: Signaling by Rho GTPases, Miro GTPases and RHOBTB3
R-HSA-9696273: RND1 GTPase cycle

0.0 25 5.0 7.5 10.0

-log10(P)

12,5

15.0

17.5

20.0

Fig. 9 The top 20 pathways enriched in Reactome of differentially expressed genes (DEGs) in the public GSE140087 noise data set.

R-HSA-9659379: Sensory processing of sound
R-HSA-500792: GPCR ligand binding

R-HSA-112316: Neuronal System

R-HSA-1592389: Activation of Matrix Metalloproteinases
R-HSA-373080: Class B/2 (Secretin family receptors)
R-HSA-140875: Common Pathway of Fibrin Clot Formation
R-HSA-166658: Complement cascade

R-HSA-109582: Hemostasis

R-HSA-913709: O-linked glycosylation of mucins
R-HSA-6785807: Interleukin-4 and Interleukin-13 signaling
R-HSA-9006934: Signaling by Receptor Tyrosine Kinases

T T T
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-log10(P)
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hsa00601: Glycosphingolipid biosynthesis - lacto and neolacto series

R-HSA-9013508: NOTCH3 Intracellular Domain Regulates Transcription

Fig. 10 The top 12 pathways enriched in Reactome of differentially expressed genes (DEGs) in the public GSE59913 gentamicin data set.

MMP3 and its corresponding protein were significantly
different between animals with HL and healthy individuals
(p < 0.05) (~Figs. 21 and 22).

Discussion

With the continuous development of modern society,
ototoxic substances or noise are widely present in our
daily life, resulting in increasingly serious HL problems. In
the United States, acquired HL has become the third most
common chronic physical disease after high blood

pressure and arthritis. It is estimated that more than
900 million people worldwide will suffer from HL by
2050, yet no effective prevention or treatments have
been identified.

Transcriptome sequencing analysis technology, which is
relatively mature today, can obtain relevant biomarkers by
analyzing patients’ gene expression profiles, thereby provid-
ing new strategies for disease diagnosis and treatments. This
study integrates the public database data and transcriptom-
ics and proteomics data of the self-built guinea pig HL model.
We jointly analyzed the data obtained in two different ways

Global Medical Genetics  Vol. 10 No. 4/2023 © 2023. The Author(s).
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Fig. 11 The top 20 pathways enriched by Gene Ontology (GO) of differentially expressed genes (DEGs) in the noise data set from the self-
constructed hearing loss (HL) model.
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Fig. 17 Venn diagram of differentially expressed genes (DECs) between the public data sets and data sets from self-constructed hearing loss

(HL) model.
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Fig. 18 Venn diagram of differentially expressed genes (DEGs) related to Gene Ontology (GO) enrichment pathways between the public data

sets and data sets from self-constructed hearing loss (HL) model.

to obtain biomarkers related to HL, so as to provide new ideas
for further laboratory verification of the mechanism of HL.

By integrating the public database and the transcriptome
sequencing data of self-constructed HL model, two core
genes for HL and multiple signaling pathways were obtained
through screening.

The RSAD2 gene, also known as viperin, plays a vital role
in the human immune system. It has been shown as a gene

Global Medical Genetics  Vol. 10 No. 4/2023 © 2023. The Author(s).

associated with HL,° which can be used to diagnose and
treat patients with HL. This was also proved by the result of
our study. MMP3, called stromalin-1, is encoded by the
MMP3 gene and is involved in the breakdown of extracel-
lular matrix proteins. Previous research has shown that HL
in patients with rheumatoid arthritis is linked to damage to
inner ear hair cells by MMP3 through oxidation.'® At the
same time, Zhang et al'' found that the expression level of
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Fig. 19 Venn diagram of differentially expressed genes (DEGs) related to Kyoto Encyclopedia of Genes and Genomes (KEGG) signaling pathways
between the public data sets and data sets from self-constructed hearing loss (HL) model.
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Fig. 20 Venn diagram of differentially expressed genes (DEGs) related to Reactome-enriched signaling pathways between the public data sets
and data sets from self-constructed hearing loss (HL) model.

MMP3 in Alzheimer’s patients with HL was significantly  related to HL. In addition, evidence also proved that
elevated by exploring the clinical features and potential treatment with MMP3 inhibitors protects hair cells and
mechanisms related to pathological neuromarkers and reduces permanent threshold shifts, suggesting that exces-
blood-brain barrier in Alzheimer’s disease and HL, which  sive expression of the MMP3 gene may induce cochlear
also confirmed that the expression of MMP3 gene is closely ~ damage.'?

Global Medical Genetics  Vol. 10 No. 4/2023 © 2023. The Author(s).
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Fig. 21 Differential expression of matrix metalloproteinase-3
(MMP3) protein between drug and control group in the self-con-
structed model. " indicates p < 0.05; ** indicates p <0.01.
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Fig. 22 Differential expression of matrix metalloproteinase-3
(MMP3) protein between noise and control group in the self-con-
structed model. *indicates p < 0.05; ** indicates p <0.01.

The MAPK signaling pathway regulates cell growth, dif-
ferentiation, proliferation, apoptosis, and migration by trans-
mitting extracellular stimulus signals into cells and their
nuclei. Zhang et al'® found that, by injecting superoxide
dismutase 2 (SOD2) and gene therapy in mice, when SOD2
is overexpressed, it can counteract the effects of noise and
ototoxic drugs and improve the symptoms of HL, and PI3K
and MAPK signaling pathways are also affected by SOD2,
indicating that modulating PI3K and MAPK signaling path-
ways may have some therapeutic effects on HL. In addition,
Alagramam et al'* through sequencing and bioinformatics
analysis of three groups of mice exposed to different noises,

Global Medical Genetics  Vol. 10 No. 4/2023 © 2023. The Author(s).
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found that except for the control group, the MPAK signaling
pathway of mice exposed to different noise decibels in both
groups was activated to varying degrees, and finally the
analysis pointed out that MAPK signaling is the main path-
way for various types of HL, and future treatments and drugs
based on the MAPK pathway may play an important role in
protecting HL caused by ototoxic drugs.'® There is substantial
evidence that a reduction in PI3K-Akt signaling pathway
after various injuries and stimuli is associated with HL and
hair cell death.'® Zhang et al'’ investigated the effects of
epigallocatechin-3-gallate (EGCG) on the proliferation and
neurosphere formation of neural stem cells (NSCs) in isolated
mouse cochlea and found that EGCG promotes cell growth
and neuronal differentiation in cochlear NSCs through the
PI3K-Akt signaling pathway, which may be used in the
treatment of HL. Interestingly, we also found the calcium
signaling pathway in the enrichment of signaling pathways
in numerous data sets. Calcium is one of the important
cofactors involved in apoptosis-degrading enzymes and is
essential for cell survival, and numerous studies have shown
that calcium channel blockers (CCBs) can effectively prevent
damage to cochlear cells, and a recent study has demonstrat-
ed that systemic and intratympanic (direct) application of
CCBs can prevent HL in cisplatin and noise-induced ototox-
icity models.'® Lai et al'® found that the calcium protease
inhibitor MDL-28170 not only prevented noise-induced
synapse loss in hair cells, but also reduced noise-induced
damage to the cochlea’s sensory hair cells, it was also able to
prevent noise-induced hair cell death and HL by upregulating
PI3K-Akt cell survival signaling pathways.

Core genes and key signaling pathways are the key areas of
diagnosis and treatment of HL patients, which is also a new
direction that needs to be explored in the future to prevent or
treat HL.

Conclusion

In this study, two core biomarkers of HL and multiple key
signaling pathways were screened and obtained through the
analysis of the public database and self-constructed model
database. RASD2 and MMP3, as the core biomarkers of HL,
can alleviate the symptoms of HL patients by promoting or
inhibiting their expression. The regulation of MAPK signaling
pathway, PI3K-Akt signaling pathway, and calcium signaling
transduction plays an important role in the survival of
auditory hair cells. This can provide new ideas for further
exploration of the mechanism of HL and further elucidation
of the occurrence and development mechanism of HL. It
would also provide new ideas and directions for clinical
treatment of HL. However, this study still has certain limi-
tations, and the core biomarkers and key signaling pathways
of HL obtained in this study still need to be further verified in
the laboratory, and our team would continue to carry out
experiments on core biomarkers and key signaling pathways.
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