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BACKGROUND: Sudden sensorineural hearing loss is a common disease with several etiologic hypotheses, such as infection, vascular occlusion,
inflammation, oxidative stress, etc. Studies have reported that the concentration of cell-free DNA in plasma will elevate in these situations. Former
studies have reported that the whole-genome sequencing of cell-free DNA has high accuracy and sensitivity in inferring gene expressions. In this
study, we plan to use the whole-genome sequencing of cell-free DNA to uncover novel prognostic factors of sudden sensorineural hearing loss
and provide new insight into the clinical application of cell-free DNA.

METHODS: In this study, 84 sudden sensorineural hearing loss patients (47 in recovery group and 37 in no-recovery group) were enrolled. After
whole-genome sequencing of the cell-free DNA, the protein—protein interaction network was constructed using the differentially expressed
genes. Multinomial logistics regression analysis was used to analyze the prognostic factors of hearing improvement.

RESULTS: In this study, we found distinct patterns of expressed and unexpressed genes in cell-free DNA sequence read depth coverage in sud-
den sensorineural hearing loss patients. The top centrality hub genes IGF1, NOTCH1, APOE, FAM3C, RPS6KB1, and RELB were identified from the
protein—protein interaction network. Multinomial logistics regression analysis demonstrated that the coverage patterns of 3 key differentially
expressed genes (NOTCH1, APOE, and RELB) are significantly different in sudden sensorineural hearing loss with and without hearing recovery.

CONCLUSION: The cell-free DNA could have more applications in diverse diseases, and the coverage patterns of 3 differentially expressed genes
(NOTCH1, APOE, and RELB) are independent prognostic factors of sudden sensorineural hearing loss. Their expression levels may play a critical
role in the hearing improvement of sudden sensorineural hearing loss patients.
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INTRODUCTION

Sudden sensorineural hearing loss (SSNHL) is a common otologic disease occurring abruptly with unilateral or bilateral hearing loss
of more than 30 dB in at least 3 consecutive frequencies within 3 days.! It is estimated that SSNHL affects 5-27 per 100 000 people
annually." Infection, vascular occlusion, inflammation, oxidative stress, and rupture of the cochlear membrane are the most com-
mon theories of its reported etiologic mechanisms.?* The prognosis varies among patients with the same conventional treatment.!
Considering the effects on the quality of life of patients and the burden on public health, researchers focus on the prognostic fac-
tors of SSNHL. Furthermore, it is of great importance to improve the prognosis.

According to some publications, the DNA are released into the circulation in a wide range of conditions, including infection, inflam-
mation, immune reactions, ischemic stroke, myocardial infarction, oxidative stress, pregnancy, etc.>® Thus, cell-free DNA (cfDNA) is
used as a diagnostic material for non-invasive screening testing.” In 2016, Ulz et al® conducted a study on the application for infer-
ring expressed genes by whole-genome sequencing of plasma DNA. They demonstrated that plasma DNA possesses the sensitivity
and accuracy to predict whether genes are expressed and confirmed the quantitative relationship between the transcription start
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sites (TSSs) sequence read depth coverage patterns and different
gene expression levels.?

As the most common etiologic theories of SSNHL cause elevated
cfDNA levels, several studies have reported that the cfDNA may play
a role in intercellular messenger, synchronized cell differentiation.
We believe that ¢fDNA, which is used as a non-invasive detection
method, can be a promising biomarker reflecting the body’s condi-
tion of SSNHL patients. Here, we are going to find out some novel
biomarkers of the prognosis of SSNHL by using whole-genome
sequencing of cfDNA. Meanwhile, we want to provide new insights
into the application of cfDNA.

METHODS

Subjects and Grouping

This retrospective study was conducted in our hospital from 2015 to
2019. The study protocols were approved by the Nanfang Hospital
Clinical Research Ethics Committee (No.. NFEC-2019-266). Adult
patients diagnosed as SSNHL according to the American Academy of
Otolaryngology Head and Neck Surgery guidelines were included in
this study.! All the patients were all-frequencies descending SSNHL.
Exclusion criteria included pregnancy, bilateral hearing loss, the
duration from onset to admission over 3 days, pretreated with any
medicine before admission, autoimmune or malignancy diseases,
conductive hearing loss, lesions in the inner ear diagnosed by imag-
ing, a history of asthma or chronic obstructive pulmonary diseases,
head trauma history, middle or external ear diseases or middle ear
surgery history, a family history of hearing loss or other otologic
diseases.

All patients received systematic glucocorticoids (methylpredniso-
lone sodium succinate, for a total of 10-day course with 80 mg/day
for 4 days, then 40 mg/day for 3 days, and 20 mg/day for another
3 days; Pfizer Manufacturing Belgium NV, Puurs, Belgium). Pure tone
audiometry (PTA) was evaluated pre- and 30 days post-treatment.
Clinical outcomes were assessed according to modified Siegel’s cri-
teria,® and patients were categorized as no recovery in this study
including (1) hearing gain < 15 dB and (2) final hearing threshold
> 75 dB irrespective of hearing improvement.

Patients Sampling

Peripheral blood was drawn on the day of admission pre- and post-
treatment for laboratory testing, and the excess unused blood was
collected for the subsequent analysis. Venous blood was centrifuged
to separate 600 pL of plasma.

Cell-Free DNA Extraction, Library Construction, and Sequencing
Cell-free DNA was extracted from plasma using nucleic acid isola-
tion or purification reagent Guangzhou Darui Biotechnology Co., Ltd,
(Guangdong Guangzhou,China). cDNA concentration was measured
with a Qubit 2.0 Fluorometer. lon Plus Fragment kit Life Technologies
(CA, USA) was applied to construct the fragment DNA library. Whole-
genome sequencing was performed on lon Torrent Thermo Fisher
Scientific (MA, USA) after library molecules were amplified.

Differential Gene Identification
The methods are the same as our previous study.'® First, the sequence
reads were mapped onto the human reference genome (hg19) using

BWA software. Then, the repeat and low-quality sequences were
deleted. The known human protein-encoding gene information was
obtained from the RefSeq database. Sequencing coverage at a 2K-TSS
was extracted by SAMtools. The mapped reads were normalized
by Reads Per Kilobase per Million mapped reads (RPKM). The fold
change (FC) is based on the significant differential coverage at the
2K-TSSs region between patients with and without recovery and
the statistical analysis was performed using the Mann-Whitney
U-test. Then the Benjamini-Hochberg method was used to adjust
the P-value. Only genes with |log,(FC)| > 0.6 and adjust-P<0.05 were
identified as differential genes (DGs) between patients with and with-
out recovery. The GraphPad Prism 8.0 was used to visualize the DGs.

Protein-Protein Interaction Network Analysis and Hub Gene
Identification

The DGs identified were subjected to protein-protein interaction
(PPI) analysis using the search functionality of STRING™ to explore
the association between the DGs, and a PPl network was built simul-
taneously. The minimum score of >0.4 was selected as the con-
fidence. The Cytoscape ver 3.7.2'2 was applied to further analyze
and visualize the PPl network using the downloaded data matrix.
CytoHubba was applied to discover hub genes as it has been proven
that it is a valuable tool to identify hub objects and subnetworks
from a complex interactome.

Statistical Analysis

Statistical analysis methods were applied to compare the character-
istics of patients with and without recovery. Continuous values with and
without normal distribution were compared by unpaired Student’s
t-test and the Mann-Whitney U-test, respectively. Categorical val-
ues were compared using the chi-square test or Fisher’s exact test.
Multinomial logistics regression analysis was used to analyze the
independent prognostic factors of SSNHL. This statistical analysis is
performed by using Statistical Package for the Social Sciences v.25
(IBM SPSS Corp.; Armonk, NY, USA) and R language (R 3.6.1).

RESULTS

Clinical Characteristics of Patients

Totally 84 patients (47 in recovery group, 37 in no-recovery group)
were included in this study. The age of patients with and without
recovery has statistical significance and there is also a significant dif-
ference in patients with or without vertigo in the 2 groups. The other

Table 1. Clinical Characteristics for Patients With and Without Recovery

Recovery No Recovery P

Age (mean + standard deviation) 40.89 + 13.904 47.24+14.07 .042
Sex (M/F) 25/22 17/20 510
Affected side (L/R) 28/19 18/19 318
Duration from onset to admission 211+0.843 217+0816 .734
Comorbidity

Hypertension 7 (14.89%) 11(29.72%) .100

Diabetes 4(8.51) 3(8.11%) .690
Symptoms

Vertigo 8(17.02%) 14 (37.84%) .031

Tinnitus 44 (93.62%) 32(86.49%) .292




Yang etal. Uncovering novel prognostic factors of SSNHL by cell-free DNA

A 8 W
os W 05 |
0.6 0.6 -V
0.4 A 0.4 4
- Unexpressed genes 02 Unexpressed genes
> 1 Expressed genes : Expressed genes
0 T T T T T T T ) 0 T T T T T T T )
-1000 -750 -500 -250 O 250 500 750 1000 -1000 -750 -500 -250 O 250 500 750 1000

Position relative to TSS(bp)

Position relative to TSS(bp)

Figure 1. Plasma DNA read depth maps at transcription start sites. (A) Plasma DNA read depth maps for the promoter regions of the unexpressed and expressed
genes in 104 healthy volunteers of whom the data are acquired from the Supplementary Note of references (Ulz et al® 2016). The mean relative coverage of
expressed genes is shown in red, and the unexpressed genes are in blue. (B) Plasma DNA read depth maps for the promoter regions of the unexpressed and
expressed genes in SSNHL patients in our study. The mean relative coverage of expressed genes is shown in red, and the unexpressed genes are in blue.

clinical characteristics have no significant difference (Table 1). Age
and vertigo were included in the further multinomial logistics regres-
sion analysis.

Plasma DNA Read Depth Patterns

Sequencing coverage data at 2K-TSSs of 104 healthy volunteers in
the previous study?® were compared with plasma read depth cover-
age from SSNHL patients. The patterns for differential expressed
genes of cfDNA in SSNHL patients correspond to those in 104 healthy
volunteers and those established by micrococcal nuclease assays.®
Gene expression levels negatively correlated with the read depths
across the 2K-TSSs regions (Figure 1). In volunteers (Figure 1A) and
SSNHL patients’ cfDNA (Figure1 B), the mean relative coverage of all
expressed genes and unexpressed genes are shown in red and blue,
respectively (Details in the Supplementary Table 1).

Identification of Differentially Expressed Genes

Based on the statistical analysis of the sequencing coverage at
2K-TSSs between recovery and no-recovery group, 143 DGs were
obtained with the cut-off criteria (adj. P-value < .05 and |log,(FC)|
> 0.6). Using log,(FC) scores and —log,,P as the calculated criteria,
the analysis results are presented in a volcano plot generated by
GraphPad Prism 8.0 (Figure 2A). Compared with no-recovery group,
the read depth of 57 DGs and 86 DGs was increased and decreased
in recovery group, respectively. The top 10 DGs with significantly
increased and decreased coverage were in Figure 2B. In these DGs,
NOTCH1, RELB, and FAM3C are reported to correlate with the inner
ear and hearing.'*°

Protein-Protein Interaction Network and Hub Gene analysis

A PPI network was constructed by using the STRING online data-
base, with parameters including a minimum required interaction
score> 0.4 (medium confidence) and only query proteins being
displayed (Figure 3A). Among all the DGs, 62 DGs were included
in the PPl network visualized by Cytoscape software. The size of
each node has a positive correlation with statistically signifi-
cant differences. The red and blue nodes represent the DGs with
increased and decreased coverage in recovery group, respectively.
Nodes with lighter colors have a lower |[FC| value than the dark
ones. The top 10 ranked genes located in the center of the PPI net-
work evaluated by 5 calculation methods (Closeness, Stress, EPC,
EcCentricity, Radiality) in the CytoHubba application are shown
in Supplementary Table 2. An online website (http://www.ehbi
o.com/ImageGP/index.php/Home/Index/VennDiagram.html)'”

was utilized to find intersections of these 5 algorithms and gen-
erated a Venn plot (Figure 3B). The 5 most significant hub genes
are NOTCH1, insulin-like growth factor 1 (IGF1), apolipoprotein
E(ApoE), ribosomal protein S6 kinase beta-1(RPS6KB1), and RELB
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Figure 2. (A)The volcano plot of all genes. All the dots above the green
horizontal dotted line have a adj. P-value <.05. While the dots outside the
2 vertical dotted lines have a |log,FC| > 0.6. Dots with the color grey have no
statistical significance. The red and blue dots indicate the genes with
increased and decreased coverage in recovery group, respectively. (B) Top 10
genes with increased and decreased coverage in recovery group compared
with no-recovery patients, and the |log,FC| > 0.6 and adj. P-value < .05 set as
the selection criteria. Red and blue columns indicate the genes with increased
and decreased coverage, respectively.
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(Figure 3B). These 5 hub genes and FAM3C were regarded as 6 key
DGs for further analysis.

Multinomial Logistic Regression Analysis

According to the sample size, 8 variables (age, vertigo, and the aver-
age coverage of 6 key DGs) were included in multinomial logistic
regression analysis. The results are shown in Table 2. NOTCH1, APOE,
RELB, and age have significant differences in the 2 groups.

DISCUSSION

Previous studies have reported that genes with different expression
levels have distinct coverage patterns of the cfDNA in the 2K-TSSs. In
this study, we have verified that the coverage pattern of cfDNA in the
2K-TSSs of SSNHL patients is consistent with those in the former stud-
ies.®® It has been demonstrated that the read depth coverage has a
negative correlation with the gene expression level in these studies.®

Table 2. Multinomial Logistic Regression Analysis

hub genes are shown in concurrent areas (IGF1, NOTCH1, ApoE, FAM3C, RELB,

This result manifests that the gene expression level is negatively cor-
related with read depth coverage in SSNHL patients.

We found that NOTCH1, APOE, RELB, FAM3C, IGF1, and RPS6KB1 are
the potential critical DGs in SSNHL patients with different progno-
ses using plasma DNA whole-genome sequencing and bioinformat-
ics analysis. Multinomial logistic regression analysis showed that
NOTCH1, APOE, RELB, and age are the independent prognostic fac-
tors of SSNHL. Our results are consistent with previous research that
the younger SSNHL patients have better hearing recovery™ (P =.011,
odds ratio=0.910).

According to some publications, 4 hub genes (APOE, IGF1, NOTCH1,
and RELB) have been demonstrated to be associated with various
kinds of hearing loss.?>?* Among them, the multinomial logistic regres-
sion analysis showed that NOTCH1, APOE, and RELB are independent

95% OR, CI"
Variables B Standard Error Wald P Odds Ratio
Lower Bound Upper Bound

FAM3C 0.025 0.044 0.327 568 1.026 0.940 1.119
IGF1 0.101 0.057 3.115 078 1.107 0.989 1.239
RPS6KB1 0.035 0.040 0.764 .382 1.036 0.957 1.120
APOE 0.194 0.077 6.299 .012 1.214 1.043 1413
RELB -0.127 0.043 8.604 .003 0.880 0.809 0.959
NOTCH1 -0.228 0.087 6.926 .008 0.796 0.672 0.943
Vertigo 1.519 0.919 2.729 .099 4.567 0.753 27.691
Age -0.094 0.037 6.418 011 0.910 0.846 0.979




prognostic factors of SSNHL. NOTCH1 is a member of Notch signaling
pathway. This signaling pathway mediates Hair cells (HCs) and sup-
porting cells (SCs) differentiation during the inner ear development
when NOTCH1 and some other factors in this signaling pathway are
expressed in SCs.?* The study on the neonatal mouse cochlea sug-
gested that weakened Notch signaling allows SCs to convert to HCs
and plays a role in spontaneous HC regeneration.” However, the con-
clusion of whether SCs can convert to HCs in response to Notch sig-
naling inhibition in the adult cochlea is still controversial.?*?° Recent
studies have reported that the expression level of microRNA-183 has
a significant difference between SSNHL patients with and without
hearing recovery*® What's more, microRNA-183 can mediate the
Notch signaling pathway in the prohibition of differentiation and
regeneration of hair cells from mouse cochlea** and NOTCH1 is also a
target gene of microRNA-183. In the current study, we observed sig-
nificantly different coverage of NOTCH1 among patients with differ-
ent prognoses. The multinomial logistics regression analysis showed
that it is the independent prognostic factor of SSNHL suggests. Thus,
NOTCHT1 is likely to contribute to hearing recovery in SSNHL patients.
It can be a target in the further research of SSNHL.

Previously, some publications have reported that APOE and RELB
have some connection with the prognosis of SSNHL.3' A case—control
study on 177 individuals including SSNHL patients and heathy
objectives has reported that the genotype distribution of APOE
was significantly different between patients and healthy control in
the Iranian population. They suggest the APOE gene variant may be
associated with SSNHL.>' The coverage patterns of APOE have been
demonstrated to be significantly correlated with hearing recovery of
SSNHL patients in this study and suggests that the expression level
of APOE may be one of the prognostic factors of SSNHL. According
to research, RELB is a member of the Nuclear factor-kB(NF-kB)/Rel
family that plays a critical role in inflammation, immunity, cell prolif-
eration, differentiation, and survival.® It has also been reported that
the NF-kB family is related to the prognosis of various hearing loss
types.3*3* What's more, one study has demonstrated that hyperbaric
oxygen treatment can alleviate hearing loss in SSNHL patients by
suppressing the inflammatory response induced by NF-xB signal-
ing,” which means the NF-«B signaling plays an essential role in the
hearing recovery of SSNHL patients. Since we observed the signifi-
cantly different coverage of RELB in our study, the expression level of
RELB may affect the prognosis of SSNHL in some ways.

Even though the multinomial logistics regression analysis shows
that the IGF1 is not the independent prognostic factor of SSNHL in
our study, the Japanese researchers have demonstrated that topical
IGF1 therapy has a positive effect on SSNHL patients who failed sys-
temic corticosteroid treatment.>> Moreover, as a secreted hormone,
it can distribute to the inner ear through general blood circulation
and is found to be locally expressed in the cochlear and vestibular
ganglia of mice.* Therefore, the different expression levels of IGF1
might impact the hearing improvement of SSNHL patients. And we
believe that patients might be benefited from the local glucocorti-
coid therapy at the beginning of the onset. However, it needs more
studies to validate.

Since there are only 84 patients here, the small sample size is one of
the limitations of this study. What's more, only adult patients were
included in our study. More extensive studies including patients of
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all ages are required in the further studies. Another limitation is that
the result is only based on the ¢fDNA sequencing and bioinformatics
analysis. More studies are essential to validate our results and con-
firm the associations between our results and clinical outcomes.

CONCLUSION

This is the first time to infer the prognostic factors of SSNHL by whole-
genome sequencing of ¢fDNA. We validated that the plasma cover-
age patterns in SSNHL patients are similar to the former study, which
has confirmed the cfDNA has high accuracy and sensitivity in infer-
ring gene expression levels. These suggest that cfDNA sequencing
may have a broader application in various diseases. Some key genes
(NOTCH1, APOE, RELB, and IGF1) may play a critical role in the prog-
nosis of SSNHL. Since our findings are predicted by ¢fDNA sequenc-
ing, more solid studies are planned to validate in further research.
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