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Abstract
Hearing impairment (HI) is characterized by extensive genetic heterogeneity. To determine the population-specific
contribution of known autosomal recessive nonsyndromic (ARNS)HI genes and variants to HI etiology; pathogenic and
likely pathogenic (PLP) ARNSHI variants were selected from ClinVar and the Deafness Variation Database and their
frequencies were obtained from gnomAD for seven populations. ARNSHI prevalence due to PLP variants varies greatly by
population ranging from 96.9 affected per 100,000 individuals for Ashkenazi Jews to 5.2 affected per 100,000 individuals
for Africans/African Americans. For Europeans, Finns have the lowest prevalence due to ARNSHI PLP variants with 9.5
affected per 100,000 individuals. For East Asians, Latinos, non-Finish Europeans, and South Asians, ARNSHI prevalence
due to PLP variants ranges from 17.1 to 33.7 affected per 100,000 individuals. ARNSHI variants that were previously
reported in a single ancestry or family were observed in additional populations, e.g., USH1C p.(Q723*) reported in a
Chinese family was the most prevalent pathogenic variant observed in gnomAD for African/African Americans. Variability
between populations is due to how extensively ARNSHI has been studied, ARNSHI prevalence and ancestry specific
ARNSHI variant architecture which is impacted by population history. Our study demonstrates that additional gene and
variant discovery studies are necessary for all populations and particularly for individuals of African ancestry.

Introduction

Of all congenital diseases that occur worldwide, hearing
impairment (HI) has the highest rate for age-standardized
disability life years [1]. Congenital HI affects 200-300
infants per 100,000 live births [2]. Fifty to sixty percent of
congenital HI cases have a genetic etiology, of which 80%
are non-syndromic (NS). Of these, ~80% are autosomal
recessive (AR), 18% autosomal dominant (AD), 1–3%
X-linked, and <1% mitochondrial [3]. Over 100 NSHI
genes have been identified of which 68 underlie ARNSHI
[4]. Some ARNSHI genes also underlie syndromic HI
and/or ADNSHI.

There has been intensive work performed on identifying
novel ARNSHI genes since GJB2 was identified in 1997
[5]. Screening known ARNSHI genes for either clinical or
research purposes has led to the identification of novel
variants in known genes and for pathogenic variants
has led to more precise estimates of population-specific
frequencies. Understudied populations can show a severe
deficit of known ARNSHI pathogenic variants and genes.
This deficit in knowledge hampers our understanding of the
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mechanism of hearing, development of therapeutic strate-
gies, genetic diagnoses, prognosis and genetic counseling.

The goal of this study is to explore the population-
specific allelic spectra of pathogenic variants in known
ARNSHI genes using data from the Genome Aggregation
Database (gnomAD) [6], which includes exome data on
123,136 individuals of African/African American, Ashke-
nazi Jewish, East Asian, Finnish, Latino, Non-Finnish
European, and South Asian ancestries. We found that that
the contribution of known pathogenic ARNSHI variants to
HI etiology is highly variable between populations. Higher
frequency rare variants make the largest contribution to
ARNSHI prevalence. Even for populations with a high
diversity of ARNSHI variants, HI prevalence due to very
rare variants is low. Additionally, some ARNSHI variants
that were not previously reported to be involved in ARN-
SHI for a specific population can play a considerable role in
HI etiology for this ancestry group.

Methods

Variant annotation

A list of all ARNSHI related genes (N= 68) were obtained
from ClinVar [7], the Deafness Variation Database (DVD) [8]
and the Hereditary Hearing Loss Homepage [9]. Classifica-
tion of variants within these 68 genes [i.e., pathogenic,
likely pathogenic, variants of uncertain significance (VUS),
likely benign, and benign] were acquired from ClinVar
(FullRelease_2018-12) and DVD (v8_2017-19-09). Variants
that were classified as pathogenic or likely pathogenic (PLP)
in these databases were further studied. Variants with
ambiguous pathogenicity e.g., were listed as being both
pathogenic and benign or likely benign were further reviewed
based on ClinVar submitter assertion criteria and the litera-
ture, and it was determined if these variants should truly be
classified as PLP. Variants within ARNSHI genes that have
been also reported to cause syndromic HI (six genes) or
ADNSHI (eight genes) were not included in the analysis. The
PLP variants were annotated with gnomAD exome (version
2.0.2_2017-10) population-specific frequencies [6].

GnomAD includes 7,652 Africans/African-Americans
(AFR) of which 541 are Sub-Saharan Africans and the
remainder are African-Americans; 4,925 Ashkenazi Jews
(ASJ); 16,791 Latino Americans (LAT), of which ~11,700
are Mexican-American/Mexican, ~4,500 US-based Latinos,
and ~500 of unknown origin; 8,624 East Asians (EAS),
amongst there are ~2,000 Taiwanese, ~2,000 Korean, ~900
individuals from Hong Kong, ~100 Japanese, and the
remaining ~3,500 individuals of undetermined East
Asian ancestry; 11,150 Finns (FIN); 55,860 Non-Finnish
Europeans (NFE) of which ~23,750 are North-western

Europeans, ~13,100 Swedes, ~7,800 Southern Europeans,
~2,250 Bulgarians, 400 Estonians, and ~14,000 of unknown
non-Finnish European ancestry; 15,391 South Asians
(SAS), of which ~11,400 are of Pakistani origin and the
remaining ~4,000 individuals are of undetermined South
Asian ancestry; and 2,743 individuals with population
unassigned (OTH). OTH was not further analyzed as an
independent population, since their origin is unknown, but
they were included in the analysis of the complete gnomAD
data set. PLP variants with frequency >5.0 × 10−3 were
further evaluated to determine if they were correctly clas-
sified by reviewing the literature. Copy number variants
(CNVs) for ARNSHI were unavailable in gnomAD and
therefore were not included in the analysis.

Population-specific cumulative PLP variant
frequencies

Population cumulative PLP variant frequencies were
obtained by summing the frequency of every PLP variant
regardless of the ARNSHI gene in which it occurred:

Vcumf ¼
Xn

i¼1

pi

Population-specific frequencies and prevalence
of ARNSHI

A Χ2 test was used to evaluate each variant site within every
population for deviations from Hardy-Weinberg equilibrium
(HWE). Using reported gnomAD overall and population-
specific frequencies for PLP ARNSHI variants, assuming
HWE and linkage equilibrium, we estimated gene-specific
cumulative frequency Gfgene for homozygous and compound
heterozygous variants as follows:

Gfgene ¼
Xn

i¼1

p2i þ
Xn

i¼1

Xn

j¼iþ1

2pipj

where n is the number of PLP variant sites for each
ARNSHI gene and p is the allele frequency for each variant
site within a specific population. We also obtained the
population-specific cumulative frequency for homozygous
and compound heterozygous variants for all genes by
summing the gene-specific estimates:

GfTotal ¼
Xg

i¼1

Gfgene

where g is the total number of genes with PLP
variants within a specific population. It should be noted
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that unlike the cumulative PLP variant frequency, GfTotal
is influenced by the number and frequency of variants
within a specific gene, since compound heterozygous
variants contribute to its frequency. Therefore GfTotal,
unlike the cumulative PLP variant frequency, provides
information on known PLP variants contribution to
ARNSHI etiology.

Assuming the PLP variants in its homozygous or com-
pound heterozygous state are fully penetrant, the prevalence
of ARNSHI due to PLP variants was calculated for each
population per 100,000 individuals by multiplying Gfgene
and GfTotal by 100,000.

Results

ARNSHI variant data set

After evaluation of the ClinVar and DVD data a total of
1183 ARNSHI PLP variants, i.e., synonymous, missense,
nonsense, frameshift, insertion/deletion (indel), and splice
site were obtained. Of the 1183 PLP ARNSHI variants, 515
(including 71 indels) variants were observed in 53 ARNSHI
genes in gnomAD and 668 (including 201 indels) were not
observed (Table 2 and Supplementary Tables S1 and S2).
Of the 515 variants that were observed in gnomAD none
deviated from HWE (p > 5.0 × 10−8).

Forty-three ARNSHI genes were reported to have PLP
indels, including GJB2 with the most indels followed by
OTOF and MYO15A (Supplementary Tables S1 and S2). In
gnomAD a total of 28 genes were observed to harbor 71
indels. The lengths of these indels [3.32 base pairs (bp),

5.50 bp standard deviation (stdev)] were not statistically
different (Welch two sample T test p= 0.55) than those not
observed (3.78 bp, stdev 5.51).

For 15 ARNSHI genes no PLP variants were found in
gnomAD. These genes have a total of 22 known PLP var-
iants, with none of them being reported in more than two
families and 11 were reported only in a single family
(Supplementary Table S3).

Cumulative PLP variants frequencies

The highest cumulative PLP variant frequency of 6.57%
was observed for ASJ, which is 1.7x greater than the fre-
quency observed for NFE (3.76%) and 3.6x greater than the
frequency for FIN (1.82%), the lowest cumulative PLP
variant frequency observed. AFR had a cumulative variant
frequency of 1.96%, the second lowest cumulative PLP
variant frequency observed. SAS had a slightly higher
cumulative PLP variant frequency (3.99%) than EAS
(3.13%). LAT (2.77%) had a higher cumulative PLP variant
frequency than FIN or AFR but lower than other popula-
tions (Table 1).

Comparison of frequency (GfTotal) of individuals with
ARNSHI by population

The estimated frequency of individuals with ARNSHI
(GfTotal) for each population varies greatly, with AFR
(5.21 × 10−5) having the lowest GfTotal and ASJ the highest
(9.69 × 10−4), with an 18.4-fold greater GfTotal for ASJ than
AFR. SAS has the second highest GfTotal (3.37 × 10−4)
and 6.5 fold greater GfTotal than AFR. The ASJ founder

Table 1 Overview of PLP ARNSHI variants by gnomAD population

Pop Description Number of PLP
Variantsa

Number of
Genesb

Number of
Individualsc

Vcumf d GfTotal
e ARNSHI

prevalencef

AFR African/African American 104 28 7,151 1.96 × 10−2 5.21 × 10−5 5.2

ASJ Ashkenazi Jewish 44 18 4,733 6.57 × 10−2 9.69 × 10−4 96.9

EAS East Asian 90 29 8,205 3.13 × 10−2 1.71 × 10−4 17.1

FIN Finnish 42 18 10,504 1.82 × 10−2 9.52 × 10−5 9.5

LAT Latino 158 36 16,064 2.77 × 10−2 2.61 × 10−4 26.1

NFE Non-Finnish European 317 44 52,253 3.76 × 10−2 2.67 × 10−4 26.7

SAS South Asian 162 40 14,694 3.99 × 10−2 3.37 × 10−4 33.7

ALLg Total 515 53 116,218 3.45 × 10−2 2.14 × 10−4 21.4

aThe number of PLP variants cannot be compared between populations due to differences in sample sizes
bInformation on each gene’s contribution to ARNSHI can be found in Supplementary Table S5 and S6
cBased on the average exome read depth i.e., ≥10 × and genotype quality score i.e., ≥20 for PLP variants
dCummulative variant frequency for each population
eEstimated frequency of individuals with ARNSHI due to PLP variants
fARNSHI prevalence due to known PLP variants represented as the number affected per 100,000 individuals
gIncludes all gnomAD populations (including “Other”). Pop: population code; PLP: Pathogenic and Likely pathogenic variants
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population also has a GfTotal which is 10.0x greater than for
the FIN founder population (Table 1).

Prevalence of ARNSHI due to PLP variants by
population

We estimated the prevalence of ARNSHI etiology due to
PLP variants in seven gnomAD populations (Table 1).
Prevalence estimates due to known PLP variants display
considerable variability between populations, i.e., Africans/
African-Americans (5.2 affected per 100,000 individuals),
Ashkenazi Jews (96.9 affected per 100,000 individuals),
East Asians (17.1 affected per 100,000 individuals), Finns
(9.5 affected per 100,000 individuals), Latinos (26.1
affected per 100,000 individuals), non-Finnish Europeans
(26.7 affected per 100,000 individuals), and South Asians
(33.7 affected per 100,000 individuals) (Table 1). For
Ashkenazi Jews, the high ARNSHI prevalence due to PLP
variants is largely driven by several high frequency GJB2
variants (Fig. 1; Supplementary Table S4).

Population-specific allelic spectra of variants

The allelic spectra of the seven gnomAD populations revealed
16 variants with higher frequencies, i.e., frequencies ≥2.0 ×
10−3, some exclusive to specific populations (Fig. 1; Fig. 2;
Supplementary Table S4; Supplementary Fig. S1). The AFR
population had one higher frequency PLP ARNSHI variant,
USH1C p.(Q723*) (frequency= 2.16 × 10−3) and the
remaining variants all have very low frequencies < 1.4 × 10−3.
The only other population where the USH1C p.(Q723*)
variant is observed is LAT, an admixed population which
would include individuals with African ancestry. In contrast
the ASJ population displays eight rare PLP variants with
frequencies ≥ 2.0 × 10−3 [BDP1 (1), GJB2 (3), LOXHD1 (1),
OTOF (1), SLC26A4 (1) and STRC (1)]. The Asian popula-
tions each had two higher frequency rare PLP variants [EAS:
OTOF p.(E1700Q) (frequency= 6.85 × 10−3) and GJB2
p.(L79fs) (frequency= 6.15 × 10−3) and SAS; MY015A
p.(W1975*) (frequency= 1.33 × 10−2), and GJB2 p.(W24*)
(frequency= 4.45 × 10−3)]. Likewise, for FIN and NFE a
higher frequency variant is observed in GJB2 p.(G12fs)
(c.35delG) [FIN (frequency= 8.12 × 10−3) and NFE
(frequency= 9.33 × 10−3)]. Also, FIN has a higher frequency
variant in CABP2 c.637+ 1G > T (frequency= 3.78 × 10−3)
and NFE in STRC p.(E880D) (frequency= 2.04 × 10−3). For
the LAT population both higher frequency variants are within
GJB2, i.e., p.(G12fs) (c.35delG) (frequency= 4.74 × 10−3)
and p.(G12C) (frequency= 3.79 × 10−3).

GJB2 is established as the most common cause of ARN-
SHI [10]. The spectrum and prevalence of some GJB2 var-
iants are dependent on population origin [11]. Six GJB2 PLP
variants were found to have frequencies ≥2.0 × 10−3 in at least

one population (Fig. 2b). The p.(G12fs) (c.35delG) variant is
observed in all populations, except for EAS (Supplementary
Fig. S2), which is consistent with previous reports [11]. Four
of these GJB2 variants are present in higher frequencies in

Fig. 1 Frequency per PLP ARNSHI variant in each gnomAD popu-
lation. PLP variants are ordered by chromosome and position.
Those with a frequency ≥2.0 × 10−3 in at least one population are
labeled (see Supplementary Table S4 for additional information). Note
that the Y-axis was adapted for each population due to the large
variability in frequencies
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one specific population, i.e., p.(L79fs) [EAS (frequency=
6.15 × 10−3)]; p.(G12C) [LAT (frequency= 3.79 × 10−3)];
c.-22-2A >C [ASJ (frequency= 4.58 × 10−3)]; and p.(L56fs)
(c.167delT) [ASJ (frequency= 1.65 × 10−2)] (Fig. 2b), but
are observed in low frequencies in other populations, with
c.167delT being an established ASJ founder variant [12].
Lastly, p.(W24*) (frequency= 4.45 × 10−3) is highly pre-
valent in SAS and is an established founder variant in this
population [13].

Genes that contribute highly to the prevalence
of ARNSHI

Over all gnomAD populations, GJB2 PLP variants are the
greatest contributor to ARNSHI prevalence (17.7 affected
per 100,000 individuals) compared to PLP variants in other
ARNSHI genes. Other genes with a substantial contribution
to the prevalence of ARNSHI over all gnomAD populations
include TMPRSS3 (1.1 affected per 100,000 individuals),
MYO15A (1.0 affected per 100,000 individuals), OTOF (0.5
affected per 100,000 individuals), and STRC (0.4 affected
per 100,000 individuals) with variants in these genes being

observed in each population. Gene-specific contributions to
ARNSHI prevalence are often driven by higher frequency
rare PLP variants of which some are ancient founder var-
iants, e.g., for GJB2 [p.(G12fs);c.35delG, p.(W24*), and
p.(L56fs);c.167delT] (Fig. 1; Supplementary Tables S4–
S7). GJB2 is the primary contributor to ARNSHI pre-
valence in all gnomAD populations; with the exception of
the SAS population with MYO15A being the highest con-
tributors with a prevalence of 20.5 affected per 100,000
individuals and GJB2 having a prevalence of 11.8 affected
per 100,000 individuals (Supplementary Table S6) [4]. The
contribution of MYO15A to ARNSHI etiology in SAS is
driven by p.(W1975*) (frequency= 1.33 × 10−2).

In the AFR population, USH1C plays the second greatest
role in ARNSHI etiology with a prevalence of 0.8 affected
per 100,000 individuals after GJB2 which has a prevalence
of 3.0 affected per 100,000 individuals. The contribution of
USH1C in AFR is driven by variant p.(Q723*) (frequency=
2.16 × 10−3). For both the NFE and LAT populations the
second highest contributing gene to ARNSHI etiology after
GJB2 is TMPRSS3 with two different variants p.(A426T)
[LAT (frequency= 1.43 × 10−3)] and p.A138E [NFE

Fig. 2 Frequent PLP ARNSHI
variants for each gnomAD
population. a Cumulative
frequency of all PLP variants
with a frequency of ≥2.0 × 10−3

in at least one gnomAD
population (with exception of
GJB2). Some variants are highly
prevalent in a specific population,
e.g., USH1C p.(Q723*) in AFR
and LOXHD1 p.(R461*) in ASJ.
b The relative (%) frequency for
all PLP GJB2 variants with a
frequency of ≥2.0 × 10−3 in at
least one population
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(frequency= 1.63 × 10−3]. For the ASJ, EAS, and FIN the
second highest contributing genes are BSND1, OTOF, and
CABP2, respectively whose frequencies are driven by a
single variant (Supplementary Tables S4–S7).

Discussion

The availability of massively parallel sequencing (MPS)
has significantly accelerated the identification of genes
involved in Mendelian phenotypes. For AR traits with
extreme locus heterogeneity the study of multi-generational
consanguineous families has been extremely beneficial to
identify novel genes. However, the availability of con-
sanguineous pedigrees is limited to specific populations
e.g., South Asian, Middle Eastern, and North African. The
majority of ARNSHI genes have been identified through the
study of consanguineous families. Sequencing of known
ARNSHI genes for research or clinical purposes has
increased the identification of pathogenic variants in known
ARNSHI genes, but has not allowed for the identification of
novel genes. Although MPS has accelerated gene identifi-
cation, many genes and pathogenic variants remain to be
identified even in well-studied populations such as South
Asians.

The prevalence of ARNSHI due to known PLP variants
is influenced by the diversity of genetic variation and their
frequency. Additionally, genetic similarity or admixture
with well-studied populations can also impact the pre-
valence of ARNSHI due to known PLP variants. This
prevalence is also impacted by the true prevalence of
ARNSHI within a population. Within the literature, pre-
valence estimates for HI are highly variable even for the
same population, because of how they are calculated, e.g.,
different age and decibel level cut-offs, as well as data being
obtained from different sources, e.g., audiometry, otoa-
coustic emissions. The World Health Organization in 2018
reported the prevalence of HI in children (>30 dB in the
better hearing ear) with South Asians having the highest
prevalence, followed by sub-Saharan Africans, Latin
Americans, and Europeans [14]. Additional information
which is required to estimate the prevalence of ARNSHI is
knowledge of the genetic proportion of HI, that can vary by
population due to rates of infectious diseases which impact
hearing. For genetic cases of HI, it is necessary to know
what proportion is nonsyndromic and AR which can be
influenced by consanguinity rates within a population.

We demonstrated that there is great variability in
population-specific ARNSHI prevalence due to known PLP
variants. Of all the gnomAD populations, with perhaps the
exception of the Ashkenazi Jews, there are likely deficits in
the estimated prevalence of ARNSHI due to known PLP
variants, since pathogenic ARNSHI variants remain to be

identified. Of the seven gnomAD populations, the one with
the lowest ARNSHI prevalence due to known PLP variants,
which mostly have very low frequencies, is the African/
African Americans. This deficit is most likely impacted by
the lack of genetic HI studies and clinical resequencing than
there being a lower prevalence of ARNSHI in African/
African-Americans compared to other ancestry groups. The
Ashkenazi Jewish population has an ARNSI prevalence due
to known PLP variants which is almost 3x higher than that
estimated for South Asians, which is the gnomAD popu-
lation with the second highest ARNSH prevalence due to
known PLP variants. The prevalence of HI for Ashkenazi
Jews is similar to other European populations [15], there-
fore the higher prevalence of known PLP variants is most
likely due to reduced locus and allelic heterogeneity com-
pared to other populations, the extensive study and clinical
sequencing of known ARNSHI genes in this population.

Although a large number of variants were observed for
African-Americans, due to their rarity they do not contribute
highly to the prevalence of ARNSHI (5.2 affected per
100,000 individuals). Despite extensive genetic hetero-
geneity for ARNSHI, only a few genes [16] have been
studied in sub-Saharan African populations, with the
majority of studies investigating GJB2 [17]. There have also
been limited studies on known ARNSHI genes in African
Americans [18]. No novel ARNSHI genes have been
identified in any African ancestry populations. The AFR
population in gnomAD mainly consists of African Amer-
icans (93%). Pathogenic ARNSHI variants identified in
African Americans can originate from Europeans, Sub-
Saharan Africans or indigenous American populations. The
GJB2 p.(G12fs) (c.35delG) variant, which is frequent in
many populations is the second most common PLP variant
within the AFR population (Fig. 2). This variant has been
observed in Sudanese [19] and African Americans [20] and
was likely inherited through European or Middle Eastern
admixture. We also found several variants which were
previously unknown to be highly prevalent in individuals of
African ancestry. For example, USH1C variant p.(Q723*) is
prevalent in AFR (frequency= 2.16 × 10−3), but was only
previously reported in a Chinese family with ARNSHI [21]
and by diagnostic laboratories in ClinVar [21].

The estimated prevalence of ARNSHI in the Finnish
population due to known PLP variants is 9.5 affected per
100,000 individuals. The FIN population also has the
lowest population-specific cumulative PLP variant fre-
quency (1.82%) observed in gnomAD. Two major factors
that might explain these observations: the scarcity of genetic
HI studies in the Finnish population [22] and their unique
genetic background which include multiple bottlenecks
[23], that can cause rare variants to increase in frequency
and decrease variant diversity. Therefore, isolated popula-
tions, e.g., Finnish and Ashkenazi Jewish often have a
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depletion of variants in the rare frequency spectrum and can
even have damaging variants present at relatively high
frequencies [24]. Founder populations can also have
increased or decreased frequencies of specific diseases
compared to other populations. Bottlenecks could be the
reason why the CABP2 c.637+ 1G>T variant, has a high
frequency (3.78 × 10−3) in FIN (Fig. 1). This variant was
originally identified in three consanguineous Iranian
families [25], and is also present in four other gnomAD
populations at lower frequencies. This variant is 3.7x and
2.3x more frequent in FIN compared to NFE and SAS,
respectively. Possibly, it was introduced into Finland in one
of the early waves of immigration, and enriched due to
increased drift and reduced selective pressure [24].

The prevalence of HI for Ashkenazi Jews is similar to
other European populations [15], but Ashkenazi Jews have
an estimated ARNSHI prevalence due to known PLP var-
iants that is almost 3x higher than that for South Asians,
which is the gnomAD population with the second highest
ARNSHI prevalence due to known PLP variants. The high
prevalence of ARNHI due to know PLP variants (96.9
affected per 100,000 individuals) for Ashkenazi Jews is
likely because of its genetically isolated background, low
diversity including highly prevalent PLP founder variants,
and extensive study. The Ashkenazi Jews who have a
Middle Eastern origin have undergone population bottle-
necks, admixture with other European populations, and
positive selection [26]. Interestingly, we did identify var-
iants that are highly present in ASJ [OTOF: p.(V1778F)
(frequency= 4.77 × 10−3) and GJB2: c.-22-2A>C (fre-
quency= 4.58 × 10−3)] which were not previously reported
to underlie HI in the Ashkenazi Jewish population, with
the c.-22-2A>C being highly prevalent in ASJ (Fig. 2b).
The c.-22-2A>C variant leads to mild post-lingual HI when
homozygous, which may go undiagnosed, and was pre-
viously only described in three siblings in Spain [27] and
one proband in Italy [28], but has, to our knowledge, never
been reported in an Ashkenazi Jewish HI patient.

In the South Asian population, ARNSHI prevalence due
to known PLP variants is 33.7 affected per 100,000 indi-
viduals. In gnomAD 74% of SAS are Pakistani and the
majority of ARNSHI genes have been identified in con-
sanguineous Pakistani pedigrees. Population diversity in
South Asia could explain why the prevalence due to known
PLP variants is low. The South Asians consist of >4,000
well-defined population groups, shaped by unique cultural,
geographical, linguistic, and religious patterns [29].

In contrast to South Asians, for East Asians the ASNSHI
due to known PLP variants is 17.1 affected per 100,000
individuals. Novel ARNSHI gene discovery studies in East
Asia are less frequent than for South Asians, although,
studies examining the allelic spectra of known HI genes in
the Han Chinese are numerous [30]. The allelic spectrum of

PLP ARNSHI variants in EAS is unique, the GJB2
p.(G12fs) (c.35delG) variant, which is highly prevalent in
all other populations is absent, while GJB2 founder variant
p.(L79fs) (c.235delC) [31] and OTOF variant p.(E1700Q)
are highly present (Fig. 2) [32].

ARNSHI genes and variants explain 26.7 affected per
100,000 individuals in non-Finnish Europeans, although
they are very well-studied through research and clinical
sequencing of known ARNSHI genes. The extensive study
of known ARNSHI genes perhaps explains why of the 53
ARNSHI genes observed in gnomAD, 44 were observed in
NFE. However, since ARNSHI gene discovery studies in
Europeans are scarce a significant proportion of the pre-
valence that is not explained may be due to genes that are
yet to be discovered.

For Latinos, the prevalence is 26.1 affected per 100,000
individuals for known PLP ARNSHI variants. The LAT
population in gnomAD mainly includes samples of Mex-
ican ancestry (70%) and Latinos residing in the US (27%).
The low prevalence due to known ARNSHI variants might
be attributable to the fact that most HI studies include few
Latino participants [33]. Based on reports from single
families and small studies, variants such as GJB2 p.(G12fs)
(c.35delG) and p.(R216fs) (c.645delTAGA) [34] are most
commonly associated with HI in Hispanic and Latino
populations [33]. We found that GJB2, TMPRSS3, and
OTOF are the most prevalent ARNSHI genes in the LAT
gnomAD population. We also detected a GJB2 variant
that is highly prevalent in LAT p.(G12C) (c.34G>T) (fre-
quency= 3.79 × 10−3); Fig. 2b, which was reported pre-
viously in North American studies in individuals with
unreported ethnic background [35, 36], and also individuals
of Mexican origin [34]. It was suggested that this variant
occurs in the US due to Mexican immigration [34]. Based
on the large number of Mexicans in the LAT gnomAD
cohort and its frequency here (3.79 × 10−3), p.(G12C) might
be an indigenous Mexican founder variant.

It has been recommended to use a population-specific
frequency threshold of ≤5.0 × 10−3 for AR traits to elucidate
pathogenic variants [37]. We have included a few variants
that exceeded this threshold for one population, i.e., three
variants in GJB2, and one variant each in MYO15A, OTOF,
BDP1, and SLC26A4 (Supplementary Table S1). Some
ARNSHI variants have an exceptionally high frequency
compared to those for other Mendelian phenotypes. For
example, several GJB2 variants are founder variants that are
highly prevalent in specific populations which may be due
to a selective advantage for heterozygote carriers (Fig. 2)
[38]. The MYO15A p.(W1975*) variant was originally
identified in two Iranian families [39]. This variant, a sus-
pected founder allele in the South Asian population,
affects an exon of MYO15A which shows alternate splicing
in the inner ear [40], and was suggested as exempt to the
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frequency cut-off rule [37]. The BDP1 p.(*2625E) variant
causes an elongation of 11 residues of the BDP1 protein
[41], and the only reported ARNSHI variant in this gene so
far. Individuals that are homozygous for this variant usually
have high frequency HI and therefore many affected indi-
viduals may go undiagnosed. SLC26A4 [p.(L117F)] [42]
and OTOF [p.(E1700Q)] [32] variants were also included in
this study since they are considered pathogenic by a large
number of sources, including recent evaluations by clinical
laboratories. It should be noted that SLC26A4 [p.(L117F)]
has been reported for both non-syndromic HI and Pendred
syndrome in ClinVar.

Some of the missing ARNSHI prevalence in all populations
could be due to larger CNVs and genomic re-arrangements,
which are, at the time of this study, unavailable in gnomAD. It
is well known that CNVs contribute to ARNSHI etiology.
One ARNSHI gene with a large number of CNVs is STRC,
which contributes predominantly to individuals of European
ancestry, but is rare in other populations [42]. The del
(GJB6-D13S1830) deletion is common amongst Ashkenazi
Jews and Western Europeans [43].

There are six PLP regulatory and intronic variants of which
three are not observed in gnomAD exomes (Table 2). These
three intronic variants, HGF (c.482+ 1986_1988delTGA and
c.482+ 1991_2000delGATGATGAAA) and MARVELD2
(c.1331+ 1_4delGTGA) were all previously identified in

Pakistani families [44], are not present in gnomAD genomes
which could be due to there being no SAS genomes in
gnomAD or their extremely low frequencies or absents in
other populations. This deficit of ARNSHI PLP intronic and
regulatory variants could be due to the understudy of these
genomic regions, as previous commonly performed Sanger
sequencing-based gene discovery studies generally only
focused on exons. Although currently custom, exome or
whole genome sequencing is usually performed, even with
WGS providing appropriate data for their discovery, non-
coding variants remain difficult to interpret.

Most PLP variants which were not observed in gnomAD
are extremely rare. For indels there is no difference in the
length between those observed in gnomAD and those which
were not, so the ability to identify indels likely does not
impact their lack of inclusion in gnomAD. In addition to the
rarity of variants impacting frequency in gnomAD, popu-
lation ascertainment can also affect whether a variant is
detected in gnomAD, e.g., poor representation of indivi-
duals of Arabic ancestry in gnomAD.

In general, the missing genetic contributions to ARNSHI
prevalence can also be attributed to our limited knowledge
on pathogenic ARNSHI variants. It has been hypothesized
that there may be >1,000 genes contributing to HI etiology
[45] and therefore likely many ARNSHI genes have not yet
been identified, particularly in understudied and diverse
populations such as Sub-Saharan Africans.

The results of this study highlight the need to further
study ARNSHI even though many genes have been dis-
covered to date. Although it is clear there is still a necessity
to study consanguineous families to identify novel ARNSHI
genes, it would be of great benefit to also study non-
consanguineous families from European, East Asian,
Latino, and African populations to discover novel ARNSHI
genes, as some might be ancestry specific. A better under-
standing of noncoding variants will aid in elucidating their
contribution to ARNSHI etiology. In addition, the allelic
spectrum of pathogenic variants of the known ARNSHI
genes has not been fully elucidated, and the further exam-
ination of these genes in understudied populations will
highly improve our knowledge on pathogenic ARNSHI
variants.

Web Resources

Centers for Disease Control and Prevention (CDC),
https://www.cdc.gov/

Deafness Variation Database, http://deafnessvariationda
tabase.org/

Genome Aggregation Database (gnomAD), http://gnoma
d.broadinstitute.org/about

Hereditary Hearing Loss Homepage, http://hereditaryhea
ringloss.org/

Table 2 PLP SNVs and indels

Number of variant
sites observed
in gnomAD

Number of variant
sites not observed

Functional
Classification

SNVs Indels Total SNVs Indels Total

nonsynonymous SNV 293 – 293 308a – 308

frameshift deletion – 52 52 – 99 99

frameshift insertion – 8 8 – 59 59

frameshift substitution – – – – 10 10

stop-loss 1 – 1 – – –

stop-gain 87 3 90 92 3 95

non-frameshift deletion – 8 8 – 21 21

non-frameshift
insertion

– – – – 4 4

non-frameshift
substitution

– – – – 1 1

Synonymous 14 – 14 1 – 1

Splicing 46 – 46 63 4 67

Intronic 2 – 2 3 – 3

UTR5 1 – 1 – – –

Total number of
variant sites

444 71 515 467 201 668

aIncludes four double nucleotide variants
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