Human Genetics (2022) 141:877-887
https://doi.org/10.1007/500439-021-02424-7

ORIGINAL INVESTIGATION

=

Check for
updates

AudioGene: refining the natural history of KCNQ4, GSDME, WFS1,

and COCH-associated hearing loss

Ryan K. Thorpe' ® - W. Daniel Walls' - Rae Corrigan? - Amanda Schaefer' - Kai Wang? - Patrick Huygen* -

Thomas L. Casavant®’8 . Richard J. H. Smith'~>%?°

Received: 12 April 2021 / Accepted: 20 December 2021 / Published online: 17 January 2022
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract

Autosomal dominant non-syndromic hearing loss (ADNSHL) displays gene-specific progression of hearing loss, which is
amenable to sequential audioprofiling. We sought to refine the natural history of ADNSHL by examining audiometric data
in 5-year increments. 2175 audiograms were included from four genetic causes of ADNSHL—KCNQ4 (DFNA2), GSDME
(DFNAS), WFS1 (DFNA6/14/38), and COCH (DFNAY). Annual threshold deterioration (ATD) was calculated for each
gene: for the speech-frequency pure tone average, the ATD, respectively, was 0.72 dB/year, 0.94 dB/year, 0.53 dB/year, and
1.41 dB/year, with the largest drops occurring from ages 45-50 (0.89 dB/year; KCNQ4), 5-10 (1.42 dB/year; GSDME), 4045
(0.83 dB/year; WFSI), and 50-55 (2.09 dB/year; COCH). 5-year interval analysis of audiograms reveals the gene specific
natural history of KCNQ4, GSDME, WFSI and COCH-related progressive hearing loss. Identifying ages at which hearing
loss is most rapid informs clinical care and patient expectations. Natural history data are also essential to define outcomes
of clinical trials that test novel therapies designed to correct or ameliorate these genetic forms of hearing loss.
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Introduction

Hearing loss is the most common neurosensory deficit,
affecting approximately half of the population by the age
of 80 (Morton 1991). Its causality is multifactorial, with
many environmental and genetic factors implicated in its
development (Gordon 2008; Angeli et al. 2012). About half
of cases are ascribed to genetics, with the relative percentage
higher in childhood as compared to adulthood. Inheritance is
typically simple Mendelian. There is significant variability
in the audiometric phenotype of genetic deafness, reflecting
its extreme heterogeneity.

In 2008, we developed AudioGene, a supervised support
vector machine learning algorithm that uses audiometric
data to predict genotypes (Hildebrand et al. 2008; Hilde-
brand et al. 2009). As an example of its clinical utility, at
the time of its development targeted genetic screening using
AudioGene resulted in the discovery of several novel vari-
ants in the KCNQ4 gene (Hildebrand et al. 2008). Compre-
hensive massively parallel sequencing panels are now the
standard of care for the diagnosis of genetic hearing loss
obviating the need for a priori gene selection for targeted
sequencing. Nevertheless, AudioGene remains valuable as
a tool to provide phenotypic correlation for novel poten-
tially causative variants identified through massively parallel
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sequencing (Taylor et al. 2013) and in developing gene-spe-
cific natural history data for hearing outcomes in persons
segregating genetic hearing loss. By grouping gene-specific
audiograms into age-defined bins (for example, 20-year
bins), AudioGene defines an audioprofile surface (APS), a
method of representing audiometric data that incorporates
sound frequency, decibels of hearing loss, and age in three
dimensions. Graphed as a three-dimensional surface, aver-
age hearing thresholds can be displayed over a lifetime for
gene-specific types of hearing loss. The KCNQ4 APS, for
example, shows average thresholds over time for persons
with KCNQ4-related hearing loss. This specificity allows
clinicians to make direct comparison of patient thresholds
to expected thresholds for a particular gene, thus making
AudioGene a useful tool for providing counseling and treat-
ment options for patients with hearing loss (Weininger et al.
2019).

Our objective in this study was to utilize additional audio-
metric data to refine the natural history of select types of
genetic hearing loss. We focused on autosomal dominant
nonsyndromic hearing loss (ADNSHL) as it is generally pro-
gressive with clinically significant hearing loss becoming
apparent after language acquisition (post-lingual). Indeed,
ADNSHL has been particularly amenable to audioprofiling
due to its progressive nature and for some loci, unique pat-
terns of hearing loss (e.g., WFSI-associated hearing loss
at the DFNAG6/14/38 locus) (Shearer et al. 1993), although
more recently interest has also grown in audioprofiling pro-
gressive autosomal recessive forms of hearing loss (Oonk
et al. 2016).

Herein, we sought to develop audioprofiles for selected
forms of ADNSHL based on 5-year increments (with each
increment or bin having at least 10 audiograms) and using
these data determine the greatest frequency-specific annual
threshold deteriorations (ATD) (dB/year). We reasoned that
by identifying ages at which hearing loss is most rapid, clini-
cal care and patient expectations would be improved, and
outcomes of clinical trials using novel therapies to correct
or ameliorate these genetic forms of hearing loss could be
appropriately structured and evaluated.

Materials and methods
Data source

Audiograms associated with ADNSHL were collected for
AudioGene from patients diagnosed at our institution, pub-
lications and collaborators, as previously described (Hilde-
brand et al. 2009; Taylor et al. 2013, 2016). At the time of
writing, the AudioGene v4.0 database included 3393 audio-
grams from 1488 patients, grouped into 34 distinct genetic
loci. We limited gene-specific analysis to those genes with
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at least 10 audiograms per 5 year age bin in 10 consecutive
age bins. For genes meeting this criteria, we searched for
additional audiograms by reviewing all manuscripts associ-
ated with any variant within these genes classified as likely
pathogenic or pathogenic in the Deafness Variation Data-
base (Azaiez et al. 2018). The standard audiogram recorded
pure tone audiometry at 250, 500, 1000, 2000, 4000, and
8000 Hz; however, there was occasional variability between
institutions. For inclusion in the database, at least 4 separate
frequencies must have been tested. Each audiogram had an
associated genetic variant, which was reviewed to ensure a
classification of likely pathogenic or pathogenic using crite-
ria established by the American College of Medical Genetics
and Genomics (Oza et al. 2018). Variants were also classi-
fied according to their mutational signature (loss-of-func-
tion (LoF) versus missense) and location within a protein
domain when relevant. The data for variant interpretation
were reported to the Deafness Variation Database (http://
deafnessvariationdatabase.org/).

Preprocessing

Audiograms were pre-processed prior to inclusion in this
database. For audiograms with data from both ears, the bet-
ter hearing ear was used at each frequency. Linear interpola-
tion and extrapolation from 2nd or 3rd order polynomials fit
to each audiogram were used to approximate missing values.

Audiometric data clustering

Audioprofiles for genes in which at least 10 of the 5-year
bins contained at least 10 audiograms were plotted based on
hearing loss in dB versus age at time of audiogram. Frequen-
cies were classified as low (250, 500 Hz), middle (1000,
2000 Hz), and high (4000, 8000) (Shearer, Hildebrand and
Smith, 1993). Calculation of pure tone average (PTA) at the
speech frequencies was taken from the average of 500, 1000,
2000, and 4000 Hz (Agrawal et al. 2008). Audioprofiles in
5-year age bins for each gene were generated from low, mid-
dle, and high frequencies using GraphPad Prism v9.0.0 (San
Diego, CA). To generate average threshold deterioration
(ATD) for each age bin, polynomial curves were fitted; 2nd-
or 3rd-order curves were selected based on root mean square

error (RMSE) values. ATDs were calculated in 5-year clus-
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dimensional audioprofile surfaces (APS) were generated for
each locus from the included audiograms as previously
described (Taylor et al. 2016) with the MathWorks MAT-
LAB R2020b programming platform (Natick, MA). The
scripts used are available on GitHub (https://github.com/
clcg/audioprofile-surfaces). Multiple surfaces were fit to 1st,
2nd, and 3rd-degree polynomials along the z-axis, and each
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APS was ranked according to its RMSE during k-fold cross
validation.

Results
Database

Of the 34 loci included in the database, KCNQ4 (DFNA2A),
GSDME (DFNAS), WFS1 (DFNA6/14/38), and COCH
(DFNA9) met criteria for inclusion. From the AudioGene
v4.0 database, we reviewed 14 unique variants for KCNQ4,
4 unique variants for GSDME, 15 unique variants for WFS1,
and 10 unique variants for COCH. For KCNQ4, 3 LoF vari-
ants were excluded from further analysis, and the remaining
11 were missense. Each GSDME variant affected splicing of
exon 8, as previously described (Op de Beeck et al. 2012;
Booth et al. 2018). All included WFS1 and COCH variants
were missense. From 281 articles associated with likely
pathogenic and pathogenic variants in the Deafness Varia-
tion Database in these four genes, 16 articles contained new
audiograms not previously included in the database (Namba
et al. 2012; Bai et al. 2014; Wang et al. 2014; Wang et al.
2018; Chai et al. 2014; Li-Yang et al. 2015; Niu et al. 2017,
Choi et al. 2017; Huang et al. 2017; Booth et al. 2018; Parze-
fall et al. 2018; Cheng et al. 2018; Jung et al. 2018; Kob-
ayashi et al. 2018; Shin et al. 2019; Mehregan et al. 2019).
From these articles, we reviewed an additional 7 variants for
KCNQ4, 8 variants for GSDME, 17 variants for WFS1, and
1 variant for COCH. In total, by ACMG criteria 17 variants
were excluded for being variants of uncertain significance
(VUS), 28 were likely pathogenic, 19 were pathogenic,
and one variant for GSDME was a complex rearrangement
and thus ACMG variant criteria were not applied. Num-
bers of variants are summarized by gene together with total
number of audiograms in Table 1. Variant specific in silico

Table 1 Unique variants and audiograms for each included gene

Locus Gene Likely patho-  Pathogenic  Total
genic variants  variants (n) audio-
(n) grams (n)
DFNA2A KCNQ4 3 5 514
DFNAS5 GSDME 4 3 368
DENAG6/14/38  WFS1 14 8 358
DEFNA9 COCH 7 3 935

Information regarding unique variants, number of likely pathogenic
and pathogenic variants by ACMG criteria, and total number of audi-
ograms for each gene analyzed in this study

ACMG American College of Medical Genetics and Genomics

TOne variant within GSDME (c.990+503_990+1691del1189ins1
32) was a complex rearrangement and thus ACMG criteria was not
applied

pathogenicity scores, minor allele frequencies, ACMG clas-
sification and criteria, and protein domain are summarized in
Supplemental Table S1. Number of families, audiograms per
family, and reported ethnicity and country of origin for each
family are reported in Supplemental Table S2. In total, there
were 514 audiograms for KCNQ4, 368 for GSDME, 358 for
WFS1, and 935 for COCH (Table 1, Fig. 1).

Audioprofiles and audioprofile surfaces

Low, middle, and high frequency audioprofiles are shown
in Fig. 2. RMSE for 2nd- and 3rd-order polynomial curves
for low frequency (250, 500 Hz), middle frequency (1000,
2000 Hz), high frequency (4000, 8000 Hz), and speech PTA
(500, 1000, 2000, and 4000 Hz) are reported in Supplemen-
tal Table S3. ATDs for each frequency group are reported
in Table 2. The full table of frequencies across age bins is
reported in Supplemental Table S3. RMSE for APS with
3rd-degree polynomials of the z-axis for KCNQ4, GSDME,
WEFSI and COCH were 7.36, 14.38, 12.86, and 8.48, respec-
tively. RMSE for APS with 2nd-degree polynomials of the
z-axis for KCNQ4, GSDME, WFS1 and COCH were 7.87,
13.85, 12.06, and 7.76, respectively. RMSE for APS with
Ist-degree polynomials of the z-axis for KCNQ4, GSDME,
WFS1 and COCH were 8.71, 15.54, 13.18, and 9.24, respec-
tively. The APS with the lowest RMSE for each gene is
included in Supplemental Figure S1 and can be viewed in
three dimensions online at the AudioGene website (https://
audiogene.eng.uiowa.edu/pages/naturalhistory).

For speech PTA, the overall ATDs for KCNQ4, GSDME,
WFS1I and COCH were 0.72 dB/year, 0.94 dB/year, 0.53 dB/
year, and 1.41 dB/year, respectively. The greatest declines
in hearing for speech PTAs were 0.89 dB/year from 45 to 50

Audiograms per age bin

m200—_ -o- KCNQ4
£ ] - GSDME
5 150
> . -+ WFS1
S -+ COCH
:‘_’100—_
9] ]
[ .
B 50-]
E -
5 ]
=z ]
0- L I L L L L 1 T 1
D D\ DA ada® W 1D D B DX
Q7 NNtV SV 0 052 D D 65 652 ©F O AN
N TR N o D P P PN
Age bin

Fig.1 Number of audiograms in each 5-year age bin for KCNQ4
(DENA2), GSDME (DFNAS), WFSI (DFNAG6/14/38), and COCH
(DFNAY9). (Beisel 2005; Burgess et al. 2016; Cryns et al. 2003;
Hosoya et al. 2016; Laer et al. 1998)
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Fig.2 5-year audioprofile plots of hearing loss by low (250, 500 Hz),
middle (1000, 2000 Hz), and high frequency (4000, 8000 Hz)
groups for KCNQ4 (DFNA2) (A), GSDME (DFNAS5) (C), WFSI
(DFNAG6/14/38) (E), and COCH (DFNA9) (G). The error bars on
plots A, C, E, and G are 95% confidence intervals. Audioprofiles at
low, middle, and high frequency groups fit to 3rd degree polynomial

for KCNQ4, 1.42 dB/year from 5 to 10 for GSDME, 0.83 dB/
year from 40 to 45 for WFSI, and 2.09 dB/year from 50
to 55 for COCH. The age intervals with the greatest hear-
ing deterioration at low frequencies were 70-75 (1.10 dB/
year), 10-15 (1.10 dB/year), 40-45 (0.49 dB/year), and
60-65 (2.10 dB/year), respectively. The age intervals with
the greatest hearing deterioration at middle frequencies
were 50-55 (0.83 dB/year), 10-15 (1.19 dB/year), 35-40
(0.78 dB/year), and 55-60 (2.12 dB/year), respectively. The
age intervals with the greatest hearing deterioration at high
frequencies were 30-35 (1.26 dB/year), 10-15 (2.11 dB/
year), 50-55 (1.47 dB/year), and 45-50 (2.10 dB/year),
respectively. The greatest drops by frequency were 1.29 dB/
year at 8000 Hz from 25 to 30 for KCNQ4, 2.60 dB/year at
8000 Hz from 5 to 10 for GSDME, 1.77 dB/year at 8000 Hz
from 65 to 70 for WFS1, and 2.21 dB/year at 1000 Hz from
55 to 60 for COCH. ATDs are reported for each age bin at
each frequency in Table 2 and Supplemental Table S4.

Discussion

Hearing loss can result from a large number of genetic or
environmental causes (Gordon 2008; Angeli et al. 2012).
With hundreds of loci implicated in inherited hearing loss,
the diagnosis of “genetic deafness” offers little prognostic
information in the absence of an associated cause. Even
when gene-specific information is available, drawing conclu-
sions about prognosis and annual rate of decline of hearing,

@ Springer

CESERPI PO LS PSEOES
Age (years)

SOSEPPIE PP PSS EOC S
Age (years)

curves are shown below each 5-year audioprofile (B, D, F, and H);
each dot on the polynomial audioprofile plots represents a value from
an individual audiogram. dB HL decibel hearing level. (Beisel 2005;
Burgess et al. 2016; Cryns et al. 2003; Hosoya et al. 2016; Laer et al.
1998)

if any, requires either significant longitudinal follow-up
in a single family or numerous audiograms from multiple
sources.

This study’s 5-year audioprofiles were constructed from
the largest reported combined data set of audiograms for
non-syndromic autosomal dominant genetic deafness and
provide the most precise temporal resolution (in 5-year bins)
for the 4 genes studied. Each gene demonstrated a unique
pattern of hearing loss. By the 7th decade of life, all of the
audioprofiles reached at least a severe hearing loss (>70 dB
hearing loss) at high frequencies, with GSDME (DFNAS)
showing the most rapid decline of high frequency hearing
in a single age bin. WFSI (DFNA6/14/38) was the only gene
to demonstrate a predominantly low frequency hearing loss,
which eventually became severe across all frequencies by the
7th decade of life.

WFS1 encodes an integral glycoprotein essential for nor-
mal function of the endoplasmic reticulum (Zatyka et al.
2008). Pathogenic missense variants in this gene are associ-
ated with autosomal dominant predominantly low frequency
hearing loss. Outside of WFS1, there have been only single
variants in other genes causative of low frequency nonsyn-
dromic sensorineural hearing loss, such as a splice site vari-
ant of the DIAPH gene segregating in a large Costa Rican
family (Lynch et al. 1997) and an 8 base pair duplication
within the CCDC50 gene segregating in a Spanish family
(Modamio-Hgybjgr et al. 2007). In studies of individual
families with low frequency autosomal dominant nonsyndro-
mic hearing loss, progression to high frequency hearing loss
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Table 2 Annual threshold Low Middle High
deterioration in 5-year age bins Gene From (age) To (age) (dB/year) (dB/year) (dB/year)
KCNQ4 0 5 0.462 0.322
KCNQ4 5 10 0.527 0.600
KCNQ4 10 15 0.131 0.576 0.816
KCNQ4 15 20 0.263 0.627 0.992
KCNQ4 20 25 0.392 0.682
KCNQ4 25 30 0.508 0.722
KCNQ4 30 35 0.614 0.755
KCNQ4 35 40 0.699 0.771
KCNQO4 40 45 0.788 0.797
KCNQ4 45 50 0.862 0.812 1.072
KCNQ4 50 55 0.934 0.826 0.923
KCNQ4 55 60 0.975 0.816 0.709
KCNQ4 60 65 1.034 0.824 0.467
KCNQ4 65 70 1.054 0.802 0.165
KCNQO4 70 75 1.095 0.798
KCNO4 Overall (average) 0.611 0.720
GSDME 5 10 0.946 0.985
GSDME 10 15 1.061 1.194
GSDME 15 20 0.950 1.154
GSDME 20 25 0.859 1.113 1.601
GSDME 25 30 0.775 1.051 1372
GSDME 30 35 0.711 0.989 1.181
GSDME 35 40 0.667 0.924 1.023
GSDME 40 45 0.632 0.841 0.882
GSDME 45 50 0.616 0.755 0.774
GSDME 50 55 0.620 0.666 0.699
GSDME 55 60 0.633 0.562 0.643
GSDME 60 65 0.665
GSDME Overall (average) 0.761
WFS1 5 10 0.092
WFS1 10 15 0.212 0.262 -0.158
WFS1 15 20 0.303 0.443 0.211
WFS1 20 25 0.373 0.581 0.528
WFS1 25 30 0.429 0.689 0.806
WFS1 30 35 0.466 0.755 1.033
WFS1 35 40 0.480 0.777
WFS1 40 45 0.486 0.777
WFS1 45 50 0.461 0.718
WFS1 50 55 0.428 0.636
WFS1 55 60 0.373 0.510
WFS1 60 65 0.298 0.345
WFS1 65 70 0.210 0.146
WFS1 70 75 0.098 -0.096 1.140
WFS1 Overall (average)
COCH 15 20
COCH 20 25 1.029
COCH 25 30 0.253 0.679 1.420
COCH 30 35 0.768 1.138 1.723
COCH 35 40
COCH 40 45
COCH 45 50
COCH 50 55
COCH 55 60
COCH 60 65
COCH 65 70
COCH 70 75 1.866 1.658 0.975
COCH 75 80 1.627 1.330 0.485
COCH Overall (average) 1.243 1.390 1.482

@ Springer



882

Human Genetics (2022) 141:877-887

Table 2 (continued)

Annual threshold deterioration (ATD) in each frequency category for each gene analyzed across age bins.

Frequency groups were calculated as low (250, 500 Hz), middle (1000, 2000 Hz) and high (4000, 8000 Hz)

eventually occurs (Bespalova et al. 2001). This progression
is consistent with the superimposition of typical presbycusis
(Osterhammel and Osterhammel 1979). Age-related typi-
cal audiograms (ARTAs) from two affected WFSI families
over 10 year age intervals generate similar data, with hearing
loss only in the low frequencies in the younger ages, while
a flat or high frequency-predominant hearing loss was dem-
onstrated in the oldest age bins (Huygen et al. 2003). These
temporal changes illustrate the importance of longitudinal
audioprofiles, as the phenotype of hearing loss with respect
to frequency can change drastically with age.

Low frequency hearing loss in families with WFSI-
associated ADNSHL has previously been reported to begin
before 10 years of age (Young et al. 2001; Fukuoka et al.
2007). Our study supports this finding, with normal hearing
at high frequencies, mild hearing loss at middle frequencies,
and moderate hearing loss at low frequencies in the 5-9 year
age bin. The hearing loss remains stable until the 3rd dec-
ade of life, at which point hearing begins declining at all
frequencies. WFSI audioprofiling also highlights a limita-
tion of contemporary physiologic newborn hearing screen-
ings that rely on distortion product otoacoustic emission or
automated auditory brainstem response testing. These tests
typically do not measure frequencies below 1000 Hz, and
an isolated low frequency hearing loss of any degree will
likely be missed. Physiologic newborn hearing screening
also has a variable sensitivity for hearing losses of up to
40 dB at any frequency (Norton et al. 2000), contributing to
the markedly delayed median age of diagnosis for children
born with minimal and mild hearing loss as compared to
their peers with more severe hearing loss (Durieux-Smith
et al. 2008). The audioprofile of COCH-associated ADN-
SHL, for example, demonstrates mild hearing loss at high
frequencies and normal hearing at low and middle frequen-
cies in the 15-19 year old age bin, a phenotype that may be
missed on newborn screening.

KCNQ4, GSDME, and COCH each demonstrated
predominantly high frequency hearing loss, which pro-
gressed at varying degrees. The audioprofile for KCNQ4,
a gene expressing a voltage-gated potassium channel at the
DFNAZ2A locus (Nie 2008), begins in childhood as a mild
low frequency hearing loss sloping to a moderate hearing
loss at high frequencies and progresses by the 5th decade
of life to moderate-to-severe low frequency hearing loss
sloping to profound hearing loss at high frequencies. Previ-
ous studies of KCNQ4-associated ADNSHL have suggested
stable hearing at low frequencies (Naito et al. 2013); how-
ever, our data demonstrate that these individuals develop a
severe hearing loss at low frequencies by the 6" decade of
life. By comparison, presbycusis is not associated with low
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frequency hearing loss, even at the oldest ages (Osterham-
mel and Osterhammel 1979). This study’s audioprofiles are
similar to individual familial ARTAs reported by Huygen,
Pennings, and Cremers (Huygen et al. 2003). For each of
the families affected by missense variants in KCNQ4 in their
study and in our combined KCNQ4 missense audioprofile,
while a high frequency hearing loss predominated at the
youngest ages, there was a generally constant and equal
decline in all frequencies over time.

GSDME (DFNAS) encodes for a member of the gasder-
min protein family, and is involved in the apoptosis pathway
(Li et al. 2019). Its audioprofile displays a similar pattern
to KCNQ4, except the hearing loss is less severe in the first
decade of life. Each included variant had the same predicted
mechanism (skipping of exon 8), resulting in a truncated
protein with abnormal pro-necrotic function that has been
implicated in the induction of cell death (Van Rossom et al.
2012). Hearing loss associated with GSDME has been
described as beginning between 7 and 30 years of age (Huiz-
ing et al. 1966; Cheng et al. 2007; Booth et al. 2018) with
significant intrafamilial variability (Chai et al. 2014). Such
intrafamilial variability is typical of other genes associated
with adult-onset hearing loss, including RIPOR2, EYA4, and
MYOG6 (Oonk et al. 2013; Frykholm et al. 2015; de Bruijn
et al. 2021). ARTAs for a single Dutch family affected by
GSDME ADNSHL in 5-10 year intervals were previously
reported by Huygen, Pennings, and Cremers (Huygen et al.
2003). In this family, the most severe drops in high fre-
quency hearing occurred between 0 and 10 years of age fol-
lowed by 10-20 years of age, with a much slower decline
afterward. ARTAs generated for a separate Dutch family
(Bischoff et al. 2004) and a family of unspecified European
descent (Booth et al. 2020) demonstrated a constant decline
in hearing over time at all frequencies after beginning as a
predominantly high frequency hearing loss. These studies
did not demonstrate the large decrease from 0 to 20 years of
age in the family described by Huygen and colleagues. In
aggregate, our cohort demonstrated the most rapid decline
of high frequency hearing 5—15 years of age. This averaged
2 dB lost per year, which is an important point to emphasize
when counseling affected patients, as they will need frequent
audiologic follow-up with adjustment of their hearing aids
during this critical period. Afterward, a relatively steady
decline takes place from the 3rd decade of life.

COCH (DFNAJY) encodes for cochlin, the major noncolla-
genous protein in the extracellular matrix of the cochlea and
vestibule (Robertson et al. 1997; Ikezono et al. 2001; Jung
et al. 2019; Verdoodt et al. 2021). COCH-related deafness
is unique among other forms of ADNSHL due to its asso-
ciation with vestibular dysfunction and recurrent episodes
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of dizziness in some patients (Usami et al. 2003). Its audio-
profile shows a predominantly high frequency hearing loss,
though the onset is later in life than DFNA2 or DFNA5S—
from age O to 15, none of the patients had progressed to
severe hearing loss, making onset of hearing loss later than
the other studied ADNSHL genes (Robertson et al. 1998;
Kamarinos et al. 2001). ARTAs in 10-20 year intervals
for a single family affected by COCH ADNSHL (Huygen
et al. 2003) demonstrated a large drop in hearing from 30
to 50 years of age followed by a much slower progression
from 50 to 70 years of age. The rate of hearing deterioration
in our audioprofile also significantly increased during the
4th decade of life but continued to progress to a profound
hearing loss at all frequencies by the 8th decade of life at a
relatively constant rate.

In a cohort of 470 patients diagnosed with autosomal
dominant hearing loss, TECTA (DFNAS8/12) (n=47),
WESI (DFNAG6/14/38) (n=32), MYO6 (DFNA22) (n=29),
KCNQ4 (DFNA2A) (n=26), COL11A2 (DFNA13) (n=16),
and COCH (DFNAY9) (n=12) were the most common non-
syndromic diagnoses (Molecular Otolaryngology and Renal
Research Laboratories, unpublished data). KCNQ4, WFS1,
and COCH are represented in the 4 genes analyzed in our
data set, but GSDME (DFNAS) was diagnosed rarely in this
cohort (n="7). The relatively high number of audiograms
from this locus is explained by the source of the audiograms;
the majority of audiograms for GSDME in AudioGene come
from two large Dutch families, one in which 37 members
with hearing loss were identified as sharing a nucleotide
substitution (Bischoff et al. 2004) and another totaling more
than 60 members with hearing loss (Huizing et al. 1966).
The family described by Huizing and colleagues, later dis-
covered to segregate an intronic insertion/deletion variant
within GSDME causing exon 8 skipping (Laer et al. 1998),
is one of the largest for any type of hearing loss reported in
the literature.

Accurate prognostic information of genetic deafness pre-
vents unnecessary treatments, directs timing of potentially
beneficial therapy, and is valuable for the affected patients
themselves and their families (Dahl et al. 2013; Downie et al.
2019; Thorpe and Smith 2020). Cochlear implantation is
beneficial for certain types of genetic hearing loss (Wu et al.
2011) and less helpful in others (Wu et al. 2015), depending
on the biology of the affected gene. In particular, genes asso-
ciated with pathology in the spiral ganglion are predicted to
be poor responders to cochlear implants (Eppsteiner et al.
2012). Location of pathology associated with the 4 genes
from our study is summarized in Table 3. Currently, age at
implantation is not considered when cochlear implantation
candidacy is evaluated. Rather, the most important audio-
logic assessment before considering cochlear implantation
is speech perception, with diminishing returns for higher
pre-operative speech perception performance (Boisvert et al.
2020). For each gene included in this study, reports of coch-
lear implantation have been descriptive and limited to small
numbers of patients (Vermeire et al. 2006; Hildebrand et al.
2008; Nadol et al. 2015; Wu et al. 2015; Liu et al. 2019).
Our data may be helpful for future studies in determining
recruitment age of subjects and offering a natural history
comparison group to those who receive implants.

One goal of research into the genetics of hearing loss
is to provide gene-specific treatments that prevent or even
restore the loss of hearing. Several approaches have been
proposed for experimental delivery of gene therapy to the
cochlea; however, to date, only viral vectors have shown
promising results in animal models (Lustig and Akil 2012).
Inoculation of adeno-associated viral (AAV) vectors directly
into the murine cochlea via canal fenestration and injection
through the round window membrane offers consistently
robust transduction and minimal side effects (Yoshimura
et al. 2018). There are several limitations and considerations
for the gene therapy of deafness. For example, the protein

Table 3 Location of pathology within the auditory system for each included gene

Locus Gene NCBI reference sequence mRNA length Location of pathology
DFNA2A KCNQ4 NM_004700.4 4324 base pairs OHC (apex of cochlea)
IHC (base of cochlea) (Beisel 2005)
DENAS GSDME NM_004403.2 2521 base pairs Spiral ligament fibrocytes, IHC,
OHC, SC, SGN, SV (Laer et al.
1998; Hosoya et al. 2016)
DFNAG6/14/38 WFS1 NM_006005.3 3640 base pairs VHC, [HC, OHC, SGN, SV, SC
(expressed equally in basal and
apical cochlea) (Cryns et al. 2003)
DFNA9 COCH NM_004086.3 2536 base pairs SGN (Burgess et al. 2016)

For each gene included in this study, the associated NCBI (National Center for Biotechnology Information) reference sequence, mRNA length,
and location of the gene’s function within the auditory system is listed. This information is particularly important in relation to cochlear implan-

tation and gene therapy

OHC outer hair cells, /HC inner hair cells, SGN spiral ganglion neuron, SC supporting cells, SV stria vascularis, VHC vestibular hair cells
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must be amenable to the biology of gene replacement, with
therapy slowing or reversing the disease process, and the
therapy must be deliverable to the correct location. Further-
more, despite the versatility of AAV vectors, their use is
limited by potential for immune reaction and their relatively
small maximum package capacity of approximately 5.2 kb
(Hermonat et al. 1997), although the use of simultaneous
dual and triple AAV therapy allows for delivery of larger
genomic packages (Akil 2020). Pertinent factors have been
summarized for each of the 4 genes included in this study in
Table 3. The pathogenesis of KCNQ4, GSDME, and WFS1-
related hearing loss are associated with inner hair cells, and
each hearing loss-specific transcript is smaller than 5 kb.
Thus, patients affected by deafness from these three genes
may 1 day be candidates for gene therapy. Our data will aid
in design and recruitment of clinical trials targeting cochlear
gene therapy, as it allows the identification of age groups
that can derive the most benefit from treatment, and offers
a potential comparison group in a clinical trial for patients
undergoing gene therapy.

There are several limitations to our study. Only 4 genes
met our criteria for inclusion based on number of audio-
grams available at each age bin; more audiograms are
needed for the other loci. The audiograms in our cohort
were from multiple sources, with some variation in frequen-
cies tested, requiring preprocessing of the data. There were
some instances of a single patient having multiple audio-
grams in the database (conducted at different times), while
most patients only contributed a single audiogram. In our
database, linear interpolation and extrapolation were used
to approximate missing values at each frequency between
0.125 and 8 kHz. To minimize the use of interpolated data,
we limited our data analysis to the most commonly tested
frequencies: 0.25, 0.5, 1, 2, 4, and 8 kHz. Due to a variety
of factors including reliability of the patient and physical
interactions of pure tone sound waves in the ear canal, there
can be variance between audiograms. This test-retest vari-
ability has been reported to be ~5 dB from 0.5 to 12.5 kHz
for~10% of patients (Valente, Valente and Goebel, 1992;
Schmuziger et al. 2004). Data for this study were collected
retrospectively, which can introduce bias regarding which
audiograms were included. For patients who have a pro-
found, maximal hearing loss at all frequencies, they prob-
ably will not undergo additional audiograms later in life. A
publication bias may exist from audiograms demonstrating
a maximal profound hearing loss, as these may be described
qualitatively rather than shown in a figure. Nonetheless, we
expect that the large size of our database overcomes this
variability. Finally, the audiograms were categorized into
genetically similar groups with similar mutation types, but
as-of-yet unknown environmental and genetic factors may
contribute to discrepancies in hearing loss in different popu-
lations (Walls et al. 2020).

@ Springer

Conclusion

Natural history data for ADNSHL demonstrate unique
gene-specific audioprofiles that can inform clinical care and
patient expectations by identifying ages and frequencies at
which hearing loss is most rapid. These audioprofiles also
will be informative to determine whether cochlear implanta-
tion delays progression of hearing loss and in the design of
clinical trials testing novel therapies to correct or ameliorate
hearing loss.
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