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Abstract

Background: The aim of this study was to screen for noise-induced hearing loss (NIHL)-associated single nucleotide
polymorphisms (SNPs) and to construct genetic risk prediction models for NIHL in a Chinese population.

Methods: Four hundred seventy-six subjects with NIHL and 476 matched controls were recruited from a cross-
sectional survey on NIHL in China. A total of 83 candidate SNPs were genotyped using nanofluidic dynamic arrays on a
Fluidigm platform. NIHL-associated SNPs were screened with a multiple logistic model, and a genetic risk model was
constructed based on the genetic risk score (GRS). The results were validated using a prospective cohort population.

Results: Seven SNPs in the CDH23, PCDH15, EYA4, MYOTA, KCNMAT, and OTOG genes were significantly (P < 0.05)
associated with the risk of NIHL, whereas seven other SNPs were marginally (P> 0.05 and P < 0.1) associated with the
risk of NIHL. A positive correlation was observed between GRS values and odds ratio (OR) for NIHL. Two SNPs, namely,
rs212769 and rs7910544, were validated in the cohort study. Subjects with higher GRS (29) showed a higher risk of

NIHL incidence with an OR of 2.00 (95% Cl = 1.04, 3.86).

Conclusions: Genetic susceptibility plays an important role in the incidence of NIHL. GRS values, which are based on
NIHL-associated SNPs. GRS may be utilized in the evaluation of genetic risk for NIHL and in the determination of NIHL

susceptibility.

Keywords: Genetic susceptibility, Noise-induced hearing loss (NIHL), Single nucleotide polymorphisms (SNPs), Genetic

risk prediction, Genetic risk score (GRS)

Introduction

Noise exposure is one of the most common occupational
risk factors and have several detrimental effects on
health, including irritability, insomnia, fatigue, and hear-
ing loss [1]. Noise-induced hearing loss (NIHL) is a
worldwide occupational health risk and the second most
frequent form of sensorineural hearing loss, after
age-related hearing impairment (ARHI) [2]. The World
Health Organization (WHO) and the National Institute
for Occupational Safety and Health (NIOSH) have
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classified NIHL as a disorder with a high priority for re-
search (http://www.cdc.gov/NIOSH/).

NIHL is a complex disease that results from the inter-
action of occupational noise exposure, other risk factors
like solvents, medication and vibration as well as life
style factors (smoking and drinking status), and genetic
risk factors [3, 4]. Noise exposure is associated with
damage to the sensory cells of cochlea and the outer hair
cells [5]. Oxidative stress and synaptic excitotoxicity are
the major mechanisms of morphological pathologies [6].
However, under similar levels of noise exposure, workers
may suffer different intensity of hearing damage. The
differences indicate that genetic susceptibility plays an
important role in the incidence of NIHL under
noise-exposure environment. Previous animal and
human studies have found that several genetic loci
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associated with the risk for NIHL [7]. Genetic variations
in the GSTM 1, CAT, CDH23, KCNE1, heat shock protein
70, and 8-0xoG DNA glycosylase 1 genes have been
found to be associated with NIHL risk [8—13]. However,
the genetic mechanism of NIHL pathogenesis still re-
mains unclear. Most previous studies have focused on a
few candidate SNPs, and the sizes of the study popula-
tion were generally small [12-14].

In order to screen for NIHL-associated SNPs, we con-
ducted a matched case—control study involving 476
NIHL workers and 476 normal hearing workers. We also
established a genetic risk score (GRS) on the basis of
these NIHL-associated SNPs and further examined these
associations in a prospective cohort population.

Methods

NIHL-associated SNPs were screened from a case-control
study and were validated in a prospective cohort. The flow
chart of this study is presented in Fig. 1. The study proto-
col was approved by the Research Ethics Committees of
Hangzhou Centers for Disease Prevention and Control,
Zhejiang, China. All the participants provided the written
informed consent.

Cross-sectional survey of NIHL

A cross-sectional survey of occupational noise-exposed
workers was conducted in 2011, and its procedure was
previously described in detail [10, 11]. In this survey, en-
vironmental noise exposure was evaluated with equiva-
lent continuous dB (A)-weighted sound pressure levels
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(LEX, 8 h) according to Occupational Health Standard of
the People’s Republic of China: Measurement of Noise in
the Workplace (GBZ/T189.8-2007) (China, 2007). All
subjects who were exposed to occupational noise received
annual health examinations, including routine physical
examination, pure tone audiometry (PTA), epidemio-
logical investigation, and whole blood collection. Hearing
thresholds of both ears were determined with the ascend-
ing method in 5-dB steps at frequencies of 500 Hz, 1000
Hz, 2000 Hz, 3000 Hz, 4000 Hz, and 6000 Hz [10, 11].

The hearing threshold for each ear by PTA was the aver-
age at 3000 Hz, 4000 Hz, and 6000 Hz at high frequency
(HTHE), and at 500 Hz, 1000 Hz, and 2000 Hz at speech
frequency (HTSF). NIHL was defined using the following
criteria: the workers with normal hearing before exposure,
> 1 year of occupational noise exposure, and a HTHF > 40
dB. To exclude hearing loss was caused by factors other
than noise, the worker was excluded from the study when
the difference of HTHF between the left and right ears
was > 35 dB (HL).

Screening of NIHL-associated SNPs
To screen NIHL-associated SNPs, 476 NIHL male sub-
jects, and gender-, intensity of noise-, and years of noise
exposure-matched 476 controls were recruited from the
subjects of a cross-sectional survey to screen for the
NIHL- associated SNPs.

A total of 83 candidate SNPs in the 29 genes were se-
lected as candidate SNPs in this study based on the
HapMap database and previous reports [9-11, 15]. The
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Fig. 1 Flow chart of this study. The subjects were recruited form the cross-sectional survey on the workers with occupational noise exposure.
Then 476 NIHL subjects and matched controls were genotyped. NIHL-associated SNPs were screened and GRS model was constructed. Four
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inclusion criteria for searching for tag SNPs were as fol-
lows: minor allele frequency (MAF) in CHB > 0.05 and a
linkage disequilibrium value of r2 > 0.8.

Whole blood was collected from each subject after an
overnight fast. Genomic DNA was extracted from per-
ipheral blood using the Toyobo MagExtractor Genomic
DNA Purification Kit (Toyobo, Osaka, Japan) following
the manufacturer’s protocol. All the candidate SNPs
were genotyped using nanofluidic dynamic arrays on the
Fluidigm platform (South San Francisco, CA, USA) at
the Bio-X Institutes (Shanghai, China). Duplicate control
samples were set in every genotyping plate, and the con-
cordance was >99%. SNPs were excluded when the call
rates were<90% and the controls deviated from
Hardy-Weinberg equilibrium (HWE) with a P < 0.01.

Follow-up and validation
Additional 584 subjects with normal hearing at baseline
were further followed up after the cross-sectional study.
Environmental noise exposure was monitored during
this period using the same protocol with cross-sectional
survey. After 5 years, the subjects were again adminis-
tered a health check-up, including hearing threshold de-
termination. The same definition of NIHL was used to
assess the hearing status of the subjects after follow-up.
The SNPs, which were screened in the case-control
study, were genotyped in the subjects of follow-up. The
associations of the genotypes with the incidence of
NIHL were examined.

Statistics

Cumulative noise exposure (CNE) was calculated as
CNE =10 x log (10°"" x years of noise exposure), where
SPL is the sound pressure level [dB (A)] of noise exposure.
Continuous variables for the normal distribution were
expressed as the mean + standard deviation (SD) and as
the median (P25, P75) for skewed distribution. Categorical
variables were expressed as frequency (%). Student’s t-test
was used to examine the statistical significance of continu-
ous variables, and the x> test for categorical variables.
Hardy-Weinberg equilibrium (HWE) was tested using
Pearson’s X* for each SNP in the control subjects, and the
SNPs deviating from HWE were excluded from the ana-
lysis. A multiple logistic regression was used to calculate
the odds ratio (OR) and 95% CI, modified by confounders
such as age, smoking/drinking status, and CNE.

GRS was defined as the sum of the number of risk al-
leles (0, 1, 2 for additive model and 0, 1 for the domin-
ant or recessive model, dependent of the most
appropriate model) across NIHL-associated SNPs. GRS
represents the overall risk of a specific disease after inte-
grating a series of SNP markers and was calculated as
the following formula [16, 17].
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k
GRS = Z n;
i=1

n;: the number of risk alleles in SNP;,

k: the number of NIHL-associated SNPs.

Considering the limited sample size and false negative
signals, the SNPs, whose P values < 0.05 or marginal sig-
nificance (0.05 <P <0.10), were selected and used to
construct the GRS model. The dose-response relation-
ship between GRS and OR was tested using the
X>-square test for trends among the subjects with differ-
ent levels of GRS.

All statistical analyses were performed using SPSS 19.0
for Windows (IBM Corporation, Armonk, NY, USA) and
R software for Windows (3.3.1).

Results
A total of 476 NIHL and 476 control subjects were re-
cruited from the cross-sectional study for screening of
NIHL-associated SNPs. However, one control subject
failed to genotype, therefore, 475 controls were included
in the final analysis. The basic characteristics of the sub-
jects have been described in detail in our previous study
[18]. Briefly, the mean age of the NIHL subjects was
36.6 + 8.5 years (mean * SD), significantly older than the
control individuals (32.8 +8.0) (P <0.001). There was no
statistical significance between the NIHL subjects and
controls regarding smoking, drinking status, years of noise
exposure, and median of noise intensities (P > 0.05). CNE
in the NIHL group was 95.5 (91.5, 100.5), and was slightly
higher than the control group [94.3 (91.0, 97.8; P = 0.05).
Eighty-three SNPs in 29 genes were selected as candi-
date SNPs and genotyped in this study. Additional file 1:
Table S1 describes the characteristics of these candidate
SNPs and P values of association analysis under additive,
dominant, and recessive models, respectively. After HWE
testing, 11 SNPs were excluded from further analysis due
to deviations from the equilibrium. Finally, seven SNPs in
six genes were found to be significantly associated with
NIHL (P <0.05). The screened genes in the NIHL group
included CDH23, PCDHI5, eyes absent 4 homolog
(EYA4), MYOIA, alpha subunit of calcium-activated po-
tassium channel (KCNMAI), and OTOG. We also found
that additional seven SNPs in six genes showed marginally
significant association with NIHL (P > 0.05 and < 0.1).
Table 1 presents the ORs and 95% CI of these
NIHL-associated SNPs. Besides rs11004085 in the
PCDHI1S5 gene, rs3777781 and rs3777849 in EYA4, and
rs2521768 in DFNAS that we have reported before [18,
19], additional 10 SNPs were found to be associated with
NIHL risk. The variant alleles of rs1552245 in MY0IA,
rs4747192 in CDH23, rs1043421 in MYO7A, rs696211 in
KCNMAI, and rs471757 in GRHL2 decreased the risk
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Table 1 Odd ratios (ORs) and 95% Cl of NIHL- associated SNPs

Genotype Control NIHL P-value® OR (95% CI)®
Pcdh15/rs11004085

T 346 382 0.015 1

cT 120 88 0.005 0.59 (041, 0.85)

CcC 5 3 0.395 0.53(0.12, 2.31)

Prrend 0.005

CT/CC 125 91 0.004 0.59 (041, 0.84)
EYAA4/ rs3777781

T 137 166 0.045 1

AT 236 235 0.116 0.76 (0.54, 1.07)

AA 96 71 0.015 0.57 (0.36, 0.90)

Ptrend 0.016

AT/AA 332 306 0.047 0.72 (0.52, 0.99)
EYA4/ rs212769

GG 354 336 0.094 1

AG 112 129 0.062 1.40 (0.98, 1.98)

AA 5 8 0214 237 (061,9.23)

Prond 0033

AG/AA 117 137 0.041 143 (1.01, 202
MYO1A/rs1552245

GG 293 308 0.088 1

AG 164 156 0.032 0.70 (0.51, 0.97)

AA 14 8 0448 0.68 (0.25, 1.84)

Prrend 0.032

AG/AA 178 164 0.027 0.70 (0.51, 0.96)
DFNAS5/ 152521768

T 289 305 0.158 1

cT 155 148 0.249 0.82 (060, 1.14)

CcC 27 19 0.089 0.52 (0.25, 1.10)

Prrend 0.064

CT/CC 182 167 0.122 0.78 (0.57, 1.07)
CDH23/rs2394795

CcC 134 108 0.122 1

TC 240 244 0.081 1.39 (0.96, 2.02)

T 97 120 0.06 1.53 (0.98, 2.38)

Prrend 0058

TC/TT 337 364 0.043 144 (1.01, 2.05)
CDH23/rs4747192

CcC 168 193 0213 1

TC 230 220 0.113 0.77 (0.55, 1.06)

T 73 60 0.189 0.73 (045, 1.17)

Puend 0.106

TC/TT 303 280 0.084 0.76 (0.56, 1.04)
MYO7A/ rs1043421

T 252 282 0.16 1
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Table 1 Odd ratios (ORs) and 95% Cl of NIHL- associated SNPs

(Continued)

Genotype Control NIHL P-value® OR (95% Cl)*
AT 192 170 0.066 0.74 (0.54, 1.02)
AA 28 21 0.384 0.73 (037, 147)
Pryend 0071
AT/AA 220 191 0.057 0.74 (0.55, 1.01)

KCNMA1/rs696211
T 247 247 0.052 1
cT 178 194 0.904 0.98 (0.71, 1.35)
CcC 45 31 0.016 047 (0.26, 0.87)
Pirend 0.080
TT+CT 425 441 0.016 048 (0.26, 0.87)

KCNMAT1/ 157910544
GG 343 345 0.175 1
CG 121 111 0.652 0.92(0.65, 1.31)
cC 7 16 0.077 2.70(0.90, 8.11)
Prrend 0576
GG+CG 7 16 0.070 2.76(0.92,8.26)

CX43/rs3751385
CcC 131 109 0.134 1
cT 259 265 0.071 140 (0.97, 2.01)
T 80 99 0.086 1.50 (0.94, 2.39)
Pirend 0.081
CT/TT 339 364 0.056 141 (0.99, 1.99)

GRHL2/ rs471757
CcC 158 167 0.161 1
cT 208 217 0.889 0.98 (069, 1.37)
T 105 89 0.078 0.68 (0.45, 1.04)
Pirend 0.104
CC+CT 366 384 0.062 0.70 (048, 1.02)

GRHL2/ rs666026
T 244 222 0.147 1
GT 186 204 0.118 1.29 (0.94, 1.77)
GG 40 46 0.121 1.55 (0.89, 2.71)
Prrend 0.051
GT/GG 226 250 0.065 1.33 (0.98, 1.80)

OTOG/ 157106021
GG 340 326 0.031 1
GA 116 136 0014 1.55(1.09, 2.20)
AA 14 10 0485 0.72(0.29, 1.81)
Prrend 0.123
GA+ AA 130 146 0.036 1.43(1.02, 2.00)

2 calculated with logistic regression adjusted by age, CNE, smoking,

and drinking
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for NIHL, whereas rs212769 in EYA4, rs2394795 in
CDH23, rs7910544 in KCNMA1I, rs3751385 in CX43,
rs666026 in GRHL2, and rs7106021 in OTOG increased
the risk for NIHL.

Different distributions of GRS were observed between
individuals with NIHL and the controls (Table 2 and
Fig. 2). The median (P,5, P;5) GRS of the NIHL group
was 9.0 (7.0, 10.0), which was significantly higher than
the controls (8.0 (7.0, 9.0)) (P value <0.001). Figure 2-a
also shows NIHL subjects have higher levels of GRS
than those in control subjects. When the subjects were
divided based on GRS levels, the ORs were calculated
with the subjects with the lowest levels of GRS (<7) as
the reference group. The ORs significantly correlated to
GRS values (Pyeng <0.01) (Table 2 and Fig. 2-b). If the
subjects were further classified into two groups (high or
low GRS) based on a GRS value of 9, then the subjects
with GRS29 had increased risk for NIHL, with an OR of
1.58 (95% CI =1.22, 2.04) compared to the subjects with
GRS <9.

Five hundred eighty-four subjects, who had normal
hearing capacity at baseline, were followed up in co-
hort. After 5 years, 51 subjects were assessed to have
NIHL using the same criteria as baseline, and there-
fore, the overall incidence rate of NIHL was 8.85%.
The incidence rates of the subjects with different ge-
notypes are shown in Table 3. The genotypes of
rs212769 in the EYA4 gene was associated with the risk
for NIHL incidence (Pyengs=0.017). Compared to the
subjects who were homozygous for allele (G), the subjects
carrying the variant allele showed an increased risk for
NIHL (OR: 6.71, 95% CI =1.77-25.41) The subjects who
were homozygous for the variant allele of rs7910544 in
the KCNMAL1 gene had an increased risk for NIHL (OR:
5.23, 95% CI = 1.20-22.71). No significant association was
found in the other SNPs.

The incidence rates of NIHL among subjects in differ-
ent levels of GRS are also presented in Table 3. The

Table 2 Associations between levels of GRS and risk for NIHL
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incidence of NIHL was marginally correlated with GRS
levels (Pieng =0.092). Subjects with high GRS values
(= 9) had a NIHL incidence of 10.88%, which is sig-
nificantly higher than those with low GRS values (< 9)
(OR =2.00, 95% CI = (1.04, 3.86) (P =0.038).

Discussion

In this study, we screened 14 NIHL-associated SNPs in
10 genes in cross-sectional study. A genetic risk predict-
ive model was constructed based on these SNPs. A
dose-response relationship was found between the levels
of GRS and NIHL risk. Two SNPs were also validated in
the prospective cohort. These findings indicate that gen-
etic susceptibility plays an important role in NIHL inci-
dence. To the best of our knowledge, this is the first
study that has been conducted to evaluate individual
genetic susceptibility based on multiple SNP loci.

NIHL results from the interaction of occupational
noise exposure and genetic risk factors. Due to the risk
difference under similar noise exposure environments, it
is seen that genetic susceptibility might play an import-
ant role in NIHL [3, 8]. Previous studies have uncovered
several NIHL-associated SNPs in the GSTMI, CAT,
CDH23, KCNE1, heat shock protein 70, and 8-oxoG
DNA glycosylase 1 genes. In the Chinese population, we
have identified that rs1104085 in the PCDHI5 gene,
rs3777781 and rs212769 in the EYA4 gene, rs666026 in
the GRHL2 gene, and rs2521768 in the DFNAS gene are
associated with NIHL risk [10, 11]. However, the find-
ings are still not enough to explain the incidence of
hearing loss with noise exposure. In the present study,
using the results of a case—control investigation, we had
screened 14 NIHL-associated SNPs.

We previously reported that sequence variants in the
PCDHI5, EYA4, GRHL2, and DFNAS5 genes are associ-
ated with NIHL [10, 11]. Here, we also found that SNPs
in the CDH23, CX43, KCNMAI, MYO1A, MYO7A, and
OTOG genes are associated with NIHL. However, the

GRS Control Case Total P-value OR(95% Cl)
Median (P25, P75) 8.0 (7.0,90) 9.0 (7.0, 10.0) 8.0 (7.0,90) <0.001
GRS subgroup, n (%)
<7 84 (17.9) 46 (9.7) 130 (13.8) 1
7 80 (17.1) 78 (16.5) 158 (16.8) 0.005 2.04 (1.24,3.398)
8 120 (25.6) 109 (23.1) 229 (243) 0.01 1.85 (1.16, 2.96)
9 105 (22.4) 102 (21.6) 207 (22.0) 0.005 1.98 (1.23, 3.20)
10 47 (10.0) 69 (14.6) 116 (12.3) <0.001 322 (1.86, 5.57)
211 33 (7.0) 68 (14.4) 101 (10.7) <0.001 3(2.87,9.16)
Prrend <0001
<9 284 (60.6) 233 (494) 517 (54.9) 1
29 185 (394) 239 (50.6) 424 (45.1) 0.001 1.58 (1.22, 2.04)
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effect of a single polymorphism locus is weak. Therefore,
these genetic markers were integrated into an index,
namely, GRS, to evaluate individual genetic predispos-
ition to NIHL, similar to that performed on other spe-
cific complex diseases such as cancer, obesity, and
diabetes [17, 20]. The NIHL group showed high GRS

Table 3 Odd ratios (ORs) and 95% C| of NIHL- associated SNPs
in the cohort study

Genotype or N NIHL P OR (95% Cl)
GRS N %
EYA4/ rs212769
GG 440 36 818 1
AG 125 13 104 0976 1.01(0.52, 2.19)
AA " 4 36.36 0.001 28.27(4.21, 189.85)
AA vs GG/AG  11/565 4/49 36.36/867 0005 6.710(1.77, 2541)
KCNMAT1/ 157910544
GG 424 46 10.85 1
CG 143 5 35 0017 031(0.12,0.81)
CcC 9 2 22.22 0.157 3.72(0.60, 23.03)
CCvs CG/GG  9/567  2/51 22.22/899 0027 523(1.20,22.71)
GRS®
<7 46 2 435 1
7 75 4 533 0.537 1.74(0.30, 10.18)
8 105 7 6.67 0425 1.97(0.37,1049)
9 129 15 11.63 0.084 3.99(0.83, 19.12)
210 211 22 1043 0.163  2.92(0.65, 13.16)
Prrend 0.092
<9 226 13 575 1
29 340 37 10.88 0.038 2.00(1.04,3.86)

@ GRS genetic risk score, was calculated as the sum of the risk allele in 14
NIHL-associated SNPs

values compared to the controls, thereby indicating that
subjects with NIHL have a higher genetic susceptibility
than controls. We also found that subjects with high
GRS values had a greater risk for NIHL (OR: 2.69, 95%
CI=1.71, 4.23) when compared with those with low
GRS values. We also validated the GRS values of two
SNPs, namely, rs212769 and rs7910544, in our prospect-
ive cohort. Using these genetic biomarkers, we were able
to screen for NIHL-susceptible subjects, and discrimin-
ate higher sensitivity to NIHL from the noise-exposed
workers. It is relatively difficult to avoid noise exposure
under most occupational environments. Therefore, pre-
ventative measures for high-risk populations are essen-
tial. In this case, primary prevention (for etiological
factors) is an effective and efficient measurement. Once
screening and recognizing the susceptible individuals,
we could take the measurements such as appropriate job
selection, decreasing noise exposure, and strengthen
protection (Putting on ear plugs or helmet) in noise en-
vironment in order to effectively reduce the risk of
NIHL. Previous study had found that better use of hear-
ing protection as part of a program probably helps but
does not fully protect against hearing loss. Improved im-
plementation might provide better protection [21].

The EYA4 gene is a member of the vertebrate EYA
family of transcriptional activators, and we previously
conducted an investigation on this gene and found that
The SNPs of rs3777781 and rs212769 in the EYA4 gene
were significantly associated with NIHL risk [10]. Fur-
thermore, rs212769 also validated in the prospective
study. The subjects with genotypes AA increased the
risk of incidence of NIHL. This finding indicate that
EYA4 may play an important role in the incidence of
NIHL. K" is the main charge carrier of sound sensory
conduction, and its normal circulation is important for
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the function of hearing. Previous studies have shown
that sequence variants involving related genes may lead
to hearing loss [1, 22—25]. Previous investigations on the
associations between potassium circulation channel
genes and NIHL have mainly focused on the GJB2,
GJB3, GJB6, KCNEI, KCNQI, and KCNQ4 genes, and
some have been validated in various populations [11].
KCNMAL1 (BK channel), one of the potassium ion chan-
nel proteins, is expressed in the tubular system and renal
vasculature, and mainly functions to control the trans-
membrane fluxes of K* and Ca®*. However, KCNMA1
has been mainly studied in relation to tumorigenesis [26,
27]. In animal studies, mice lacking KCNMA can develop
normal hearing at early life, but then later show progres-
sive hearing loss, indicating that KCNMA1 is not essential
for basic inner hair cell function [28, 29]. The potassium
channels of KCNMAL1 are apparently essential for the sur-
vival of outer hair cells, which are the major structural
components of hearing [29, 30]. In this study, we found
that the homozygote of mutant allele (CC) in rs696211 of
KCNMA1 gene decreased and genotypes CC in
rs7910544 increased the risk of NIHL. Therefore, the gen-
etic variation of KCNMA1 modifies the risk of NIHL.

This may be the first study that has evaluated the
individual  genetic risk for NIHL under a
noise-exposed environment based multiple SNP loci.
One of the strengths of the study is that our prelim-
inary established NHL risk prediction model using 14
SNPs to screen for High risk NIHL was partly vali-
dated in the follow-up study cohort using NIHL inci-
dence over a 5year period. However the sample size
in the prospective cohort was relatively small and the
follow-up time was relatively short, thus false negative re-
sults may still exist in this study. Further studies using
both men and women as well as a larger sample size
should be performed to validate the results.

Briefly, 14 SNPs in 10 genes were found to be associ-
ated with NIHL risk. Two SNPs, namely, rs212769 and
rs7910544, were also validated in the prospective cohort
study. GRS values for NIHL were significantly correlated
with NIHL risk. These findings suggest that genetic sus-
ceptibility plays an important role in NIHL incidence,
and thus provide a method of identifying individuals
with higher genetic risk for NIHL.

Additional file

Additional file 1: Table S1. Distribution of allele and genotype
frequencies in the subjects of Case and Control. (DOCX 37 kb)

Abbreviations

Cl: Confidence interval; CNE: Cumulative noise exposure; GRS: Genetic risk
score; MAF: Minor allele frequency; NIHL: Noise-induced hearing loss;

OR: Odds ratio; SNP: Single-nucleotide polymorphism

Page 7 of 8

Acknowledgments

This study was supported by the Zhejiang Public Welfare Science and
Technology Project (2015C33225) and Zhejiang Provincial Program for the
Cultivation of High-Level Innovative Health Talents.

The authors are grateful to all the subjects and all the investigators in this study.

Funding

The Zhejiang Public Welfare Science and Technology Project (2015C33225)
and Zhejiang Provincial Program for the Cultivation of High-Level Innovative
Health Talents supported this study.

Availability of data and materials
Data and material will be made available by the authors upon reasonable request.

Authors’ contributions

XZ and YZ conceived and designed the study. YZ drafted and refined the
manuscript. YL, YN performed laboratorial determination and statistical analyses.
MZ, LZ, YZ, QW, LH, and YX participated in the epidemiological investigation.
All authors approved the final version of the manuscript for submission.

Ethics approval and consent to participate

The study protocol was approved by the Research Ethics Committees of
Hangzhou Centers for Disease Prevention and Control, Zhejiang, China.
All the participants provided the written informed consent.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.

Author details

1Hangzhou Center for Disease Control and Prevention, Hangzhou 310021,
Zhejiang, China. “Department of Epidemiology and Biostatistics, Department
of Respiratory, Sir Run Run Shaw Hospital, Zhejiang University School of
Medicine, Zhejiang, Hangzhou 310058, People’s Republic of China.
3Hangzhou Hospital for Prevention and Treatment of Occupational Disease,
Hangzhou 310014, Zhejiang, China. “Zhejiang Center for Disease Control and
Prevention, Hangzhou 310051, Zhejiang, China. *Yongkang Center for
Disease Control and Prevention, Yongkang 321304, People’s Republic of
China.

Received: 27 November 2018 Accepted: 20 March 2019
Published online: 04 April 2019

References

1. Nelson DI, Nelson RY, Concha-Barrientos M, Fingerhut M. The global burden of
occupational noise-induced hearing loss. Am J Ind Med. 2005,48(6):446-58.

2. Sliwinska-Kowalska M, Zaborowski K. WHO environmental noise guidelines for the
European region: a systematic review on environmental noise and permanent
hearing loss and tinnitus. Int J Environ Res Public Health. 2017;14: E1139.

3. Konings A, Van Laer L, Van Camp G. Genetic studies on noise-induced
hearing loss: a review. Ear Hear. 2009;30(2):151-9.

4. Sliwinska-Kowalska M, Pawelczyk M. Contribution of genetic factors to noise-
induced hearing loss: a human studies review. Mutat Res. 2013;752(1):61-5.

5. Henderson D, Bielefeld EC, Harris KC, Hu BH. The role of oxidative stress in
noise-induced hearing loss. Ear Hear. 2006;27(1):1-19.

6. Pilati N, Ison MJ, Barker M, Mulheran M, Large CH, Forsythe ID, Matthias J,
Hamann M. Mechanisms contributing to central excitability changes during
hearing loss. P Natl Acad Sci USA. 2012;109(21):8292-7.

7. White CH, Ohmen JD, Sheth S, Zebboudj AF, McHugh RK, Hoffman LF, Lusis
AJ, Davis RC, Friedman RA. Genome-wide screening for genetic loci associated
with noise-induced hearing loss. Mamm Genome. 2009,20(4):207-13.

8. Davis RR, Newlander JK, Ling X, Cortopassi GA, Krieg EF, Erway LC. Genetic
basis for susceptibility to noise-induced hearing loss in mice. Hear Res. 2001;
155(1-2):82-90.


https://doi.org/10.1186/s12940-019-0471-9

Zhang et al. Environmental Health

20.

22.

23.

24,

25.

26.
27.

28.

(2019) 18:30

Konings A, Van Laer L, Pawelczyk M, Carlsson Pl, Bondeson ML, Rajkowska E,
Dudarewicz A, Vandeveldel A, Fransen E, Huyghe J, et al. Association between
variations in CAT and noise-induced hearing loss in two independent noise-
exposed populations. Hum Mol Genet. 2007;16(15):1872-83.

Kowalski TJ, Pawelczyk M, Rajkowska E, Dudarewicz A, Sliwinska-Kowalska M.
Genetic variants of CDH23 associated with noise-induced hearing loss. Otol
Neurotol. 2014;35(2):358-65.

Pawelczyk M, Van Laer L, Fransen E, Rajkowska E, Konings A, Carlsson Pl, Borg E,
Van Camp G, Sliwinska-Kowalska M. Analysis of gene polymorphisms
associated with Kion circulation in the inner ear of patients susceptible and
resistant to noise-induced hearing loss. Ann Hum Genet. 2009;73(Pt 4:411-21.
Shen HX, Cao JL, Hong ZQ, Liu K, Shi J, Ding L, Zhang HD, Du C, Li Q,
Zhang ZD, et al. A functional Ser326Cys polymorphism in hOGGT1 is
associated with noise-induced hearing loss in a Chinese population. PLoS
One. 2014,9:289662.

Sliwinska-Kowalska M, Noben-Trauth K, Pawelczyk M, Kowalski TJ.
Single nucleotide polymorphisms in the cadherin 23 (CDH23) gene in
polish workers exposed to industrial noise. Am J Human Biol. 2008;
20(4):481-3.

Lin CY, Wu JL, Shih TS, Tsai PJ, Sun YM, Guo YL. Glutathione S-transferase
M1, T1, and P1 polymorphisms as susceptibility factors for noise-induced
temporary threshold shift. Hear Res. 2009;257(1-2):8-15.

Konings A, Van Laer L, Wiktorek-Smagur A, Rajkowska E, Pawelczyk M,
Carlsson Pl, Bondeson ML, Dudarewicz A, Vandevelde A, Fransen E,

et al. Candidate gene association study for noise-induced hearing loss
in two independent noise-exposed populations. Ann Hum Genet. 2009;
73(2):215-24.

Paynter NP, Chasman DI, Pare G, Buring JE, Cook NR, Miletich JP, Ridker PM.
Association between a literature-based genetic risk score and cardiovascular
events in women. J Am Med Assoc. 2010;303(7):631-7.

Ye Z, Austin E, Schaid DJ, Kullo 1). A multi-locus genetic risk score for
abdominal aortic aneurysm. Atherosclerosis. 2016,246:274-9.

Zhang X, Liu'Y, Zhang L, Yang Z, Shao Y, Jiang C, Wang Q, Fang X, Xu Y,
Wang H, et al. Genetic variations in protocadherin 15 and their interactions
with noise exposure associated with noise-induced hearing loss in Chinese
population. Environ Res. 2014;135:247-52.

Zhang X, Liu'Y, Zhang L, Yang Z, Yang L, Wang X, Jiang C, Wang Q, Xia Y,
Chen Y, et al. Associations of genetic variations in EYA4, GRHL2 and DFNAS
with noise-induced hearing loss in Chinese population: a case- control
study. Environ Health. 2015;14:77.

Go MJ, Lee Y, Park S, Kwak SH, Kim BJ, Lee J. Genetic-risk assessment of
GWAS-derived susceptibility loci for type 2 diabetes in a 10 year follow-up
of a population-based cohort study. J Hum Genet. 2016;61:1009-12.

Tikka C, Verbeek JH, Kateman E, Morata TC, Dreschler WA, Ferrite S.
Interventions to prevent occupational noise-induced hearing loss. Cochrane
Database Syst Rev. 2017;7.CD006396.

Coucke PJ, Van Hauwe P, Kelley PM, Kunst H, Schatteman |, Van Velzen D,
Meyers J, Ensink RJ, Verstreken M, Declau F, et al. Mutations in the KCNQ4
gene are responsible for autosomal dominant deafness in four DFNA2
families. Hum Mol Genet. 1999:8(7):1321-8.

Kubisch C, Schroeder BC, Friedrich T, Lutjohann B, El-Amraoui A, Marlin
S, Petit C, Jentsch TJ. KCNQ4, a novel potassium channel expressed in
sensory outer hair cells, is mutated in dominant deafness. Cell. 1999;
96(3):437-46.

Neyroud N, Tesson F, Denjoy |, Leibovici M, Donger C, Barhanin J, Faure S,
Gary F, Coumel P, Petit C, et al. A novel mutation in the potassium channel
gene KVLQT1 causes the Jervell and Lange-Nielsen cardioauditory
syndrome. Nat Genet. 1997;15(2):186-9.

Tyson J, Tranebjerg L, Bellman S, Wren C, Taylor JFN, Bathen J, Aslaksen B,
Sorland SJ, Lund O, Malcolm S, et al. IsK and KVLQT1: mutation in either of
the two subunits of the slow component of the delayed rectifier potassium
channel can cause Jervell and Lange-Nielsen syndrome. Hum Mol Genet.
1997,6(12):2179-85.

Khaitan D, Sankpal UT, Ningaraj NS. Role of KCNMA1 gene in breast cancer
invasion and metastasis to brain. Cancer Res. 2009;69(2):169s.

Ningaraj NS, Khaitan D, Sankpal UT. Role of KCNMAT in breast Cancer
metastasis and angiogenesis. Cancer Res. 2009,69(24):877s.

Oliver D, Taberner AM, Thurm H, Sausbier M, Atz C, Ruth P, Fakler B,
Liberman MC. The role of BKCa channels in electrical signal encoding in the
mammalian auditory periphery. J Neurosci. 2006,26(23):6181-9.

29.

30.

Page 8 of 8

Ruttiger L, Sausbier M, Zimmermann U, Winter H, Braig C, Engel J, Knirsch
M, Atz C, Langer P, Hirt B, et al. Deletion of the Ca2+-activated potassium
(BK) alpha-subunit but not the BK beta 1-subunit leads to progressive
hearing loss. P Natl Acad Sci USA. 2004;101(35):12922-7.

Engel J, Braig C, Ruttiger L, Kuhn S, Zimmermann U, Blin N, Sausbier M,
Kalbacher H, Munkner S, Rohbock K, et al. Two classes of outer hair cells
along the tonotopic axis of the cochlea. Neuroscience. 2006;143(3):837-49.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Methods
	Results
	Conclusions

	Introduction
	Methods
	Cross-sectional survey of NIHL
	Screening of NIHL-associated SNPs
	Follow-up and validation
	Statistics

	Results
	Discussion
	Additional file
	Abbreviations
	Acknowledgments
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

