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Abstract

Mutations in more than 150 genes are responsible for inherited hearing loss, with thousands of
different, severe causal alleles that vary among populations. The Israeli Jewish population includes
communities of diverse geographic origins, revealing a wide range of deafness-associated variants
and enabling clinical characterization of the associated phenotypes. Our goal was to identify the
genetic causes of inherited hearing loss in this population, and to determine relationships among
genotype, phenotype, and ethnicity. Genomic DNA samples from informative relatives of 88
multiplex families, all of self-identified Jewish ancestry, with either non-syndromic or syndromic
hearing loss, were sequenced for known and candidate deafness genes using the HEar-Seq gene
panel. The genetic causes of hearing loss were identified for 60% of the families. One gene was
encountered for the first time in human hearing loss: ATOH1 (Atonal), a basic helix-loop-helix
transcription factor responsible for autosomal dominant progressive hearing loss in a five-
generation family. Our results demonstrate that genomic sequencing with a gene panel dedicated
to hearing loss is effective for genetic diagnoses in a diverse population. Comprehensive
sequencing enables well-informed genetic counseling and clinical management by medical
geneticists, otolaryngologists, audiologists, and speech therapists and can be integrated into
newborn screening for deafness.

Keywords

Next-generation sequencing; Massively parallel sequencing; Diagnostics; Hearing; Deafness; gene
panel; genomics

INTRODUCTION

Hearing loss is a leading cause of disability worldwide, with an estimated 466 million
people suffering from a loss of greater than 40dB.1-3 Hearing loss can have dramatic effects
on communication, levels of education, and psychosocial development; it is responsible for a
subsequent decline in quality of life, particularly in an increasingly older population.*>
Determining the causes of hearing loss is crucial for clinical management, genetic
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counseling, and potential prevention. More than 150 genes harbor variants causing non-
syndromic hearing loss,3- and hundreds of genetic syndromes include hearing impairment.®
Virtually every population harbors deafness-causing alleles with worldwide distribution and
others specific to the local population.19

The Jewish population of modern Israel is made up of communities that differ with respect
to geographic origin, spoken language, and traditions. Ashkenazi Jews from Europe and
North America, Sephardic Jews from North Africa (Morocco, Algeria, Libya, and Tunisia)
and southern Europe (Italy, Greece, and Turkey), and Mizrahi Jews from the Middle East
(Iran, Iraq, Syria, Yemen, and Egypt) all derive from the Jews who lived in the Middle East
4000 years ago, dispersing with the Babylonian exile in 586 BCE. 11:12 After the formation
of the state of Israel in 1948, Jews from all these regions immigrated to the country. Today,
roughly half of Jewish people live in Israel, yielding an Israeli Jewish population that is
approximately 47% Ashkenazi, 30% Sephardi, and 23% Mizrahi.1314 In a study conducted
in Israel a few years after its founding, high rates of consanguineous marriage were
observed, with the lowest rate (2.5%) among Ashkenazi Jews, and higher rates among non-
Ashkenazi Jews, with the highest prevalence (29%) among Jews from Irag.1® During the
intervening years, inter-community marriages have become frequent, and consanguineous
marriages are much less common.16

Centuries of endogamy within each of these communities led to high frequencies of
recessive genetic traits, many due to community-specific founder mutations.13:17:18 The idea
of that each Jewish ancestry has its own genetic blueprint is supported by studies revealing
ancestry-specific polymorphisms and haplotypes. Among these are mutations for at least 40
diseases that are specific to individual Jewish communities.1* Population-specific mutations
include some responsible for hearing loss, such as GJB2c¢.167delT and 7TMC1 p.Ser647Phe,
while other deafness-causing mutations, such as GJBZ2 ¢.35delG, are common in all Jewish
ethnicities and elsewherel7:18.16,

GJBZ2 variants are the most prevalent cause of hereditary hearing loss worldwide and are
responsible for ~30% of deafness in Jewish families.1”:19.20 Hence in Israel, routine genetic
testing has been for the two most common pathogenic variants, GJB2 ¢.35delG and GJB2
c.167delT. For hearing loss not explained by these alleles, high-throughput sequencing using
hearing-loss-dedicated gene panels offers the opportunity to identify other disease-causing
variants in hundreds of genes.21:22.18,23

The goal of this project was to identify the genetic causes of hearing loss in Israeli Jewish
families with more than one affected relative (i.e. multiplex families) and to determine the
number of genes responsible for hearing loss in the Israeli Jewish population as a whole. The
long-term goal is to apply these results to development of guidelines for the molecular
diagnosis of deafness in this population.
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MATERIALS AND METHODS

Participants

Probands with hearing loss and their relatives were recruited from medical genetics clinics
throughout Israel. All probands had a positive family history of hearing loss. Families were
asked about their medical history, including family history of relevant symptoms,
consanguinity, degree and symmetry of hearing loss, age of onset, use of hearing aids or
cochlear implant, tinnitus, exposure to ototoxic drugs or noise, pathological conditions of the
inner ear, and vestibular function. Hearing loss could be non-syndromic or syndromic, stable
or progressive, and pre-lingual or post-lingual in onset. Probands or their parents gave
written informed consent and provided a blood sample for DNA. GJBZ2 and GJB6 were
evaluated by Sanger sequencing, and probands with hearing loss due to GJB2were so
advised and not sequenced with the gene panel.1” After these steps, 188 individuals from 88
multiplex families were evaluated with the HEar-Seq gene panels. Hearing controls from
each Israeli Jewish ethnic group were identified from healthy, hearing individuals
undergoing genetic screening at the Rabin and Sheba Medical Centers and from the National
Laboratory for the Genetics of Israeli Populations (https://en-med.tau.ac.il/nlgip). An
independent series of 105 individuals with hearing loss, treated at genetics clinics and not
related to the 88 multiplex families, were included in order to estimate allele frequencies
among Israeli Jewish deaf individuals.

Experimental procedures

RESULTS

Genomic analysis was carried out with the Hear-Seq gene panels, a custom design by the
authors with version ranging from 178 to 372 genes 182324 (Taple S1). The BED file of
Hear-Seq capture probe locations is freely available from the authors, and capture probes
can be ordered directly from the manufacturer (Agilent Technologies, Santa Clara, CA,
USA) with permission from the authors. Details of panel design and manufacture are
included in Supporting Information.

Details of genomic analysis with the panels, of follow-up sequencing, and of the
accompanying bioinformatics pipeline are also included in Supporting Information. Novel
mutations of uncertain consequence in ATOHZ and M/TF were evaluated by protein
biochemistry and cell biology. Details of these methods are also included in Supporting
Information.

Genetic diagnoses of hearing loss from gene panel sequencing

Genetic causes of hearing loss were identified for 60% (53/88) of the families evaluated by
the HEar-Seq gene panels. These genetic diagnoses involved 57 different causal alleles in 27
different genes (Table S2, Figure S1). Most of the responsible alleles (32 of 57, or 56%) had
not been previously reported from any population (Table 1). Of the novel variants, 50% were
missense, 31% frameshifts, 9% nonsense, 9% copy number variants (CNVs), and 3% silent
mutations that altered splicing. These diagnoses expanded the total number of genes known
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to be responsible for inherited loss in the Israeli Jewish population from seven!’ to 32 (Table
S3).

ATOH1, a new gene for human hearing loss

Panel sequencing revealed involvement of a new gene for human hearing loss. ATOH1
(Atonal) encodes a basic helix-loop-helix transcription factor that is essential for neuronal
development in the cerebellum.25 Heterozygosity for any of several different variants of
Atoh1 leads to hearing deficits in mice, some with syndromic features.26:27 ATOH1 was
included on the panel because mutations in the mouse ortholog lead to hearing loss. In Iraqi
Jewish kindred HL263, ATOH ¢.1030delC co-segregated over five generations with
progressive non-syndromic hearing loss, with onset at birth or early childhood (Figure
1A,B). Based on whole exome sequencing, no other potentially damaging variant in any
gene co-segregated with hearing loss in this family. A7OH ¢.1030delC causes a frameshift
that alters the last ten residues of the normally 354-amino acid protein and adds six residues
to its length before a stop.

To examine the effects of this mutation, expression constructs for wild type and mutant
ATOHI were transfected into HEK293 cells. Antibody localization indicated nuclear
translocation of both wild-type and mutant A7OHZ (Figure 1C). Next, to determine the
effects of the mutation on protein function, cochlear explants were established at E14 or E15
from Atoh1™~ animals and transfected with either the ATOHIWT or ATOH1610300€IC
expression construct. (Afoh17~ cochleae were used to ensure no potential effects from the
endogenous gene.) Results indicated induction of Myo7A* hair cells in response to
expression of either construct (Figure 1D). However, western analysis revealed a
significantly slower rate of degradation for mutant ATOH1 protein compared to wild-type
ATOHL1 protein (P=0.032, multiple t-test with Holm-Sidak correction, two biological
replicates) (Figure 1E,F).

Complex relationships of genotypes to phenotypes

For genes responsible for syndromic hearing loss, different variants in the same gene
revealed new relationships of genotypes to phenotypes. Three families with mutations in
MITF illustrate these complexities (Figure 2). Damaging variants of M/TF can cause
autosomal dominant Waardenburg type 2A and Tietz albinism/deafness syndromes, both of
which are highly heterogeneous clinically (Figure 2A,B). In family DF311, three relatives
heterozygous for M/TFc.935T>C, p.(Leu312Pro) had severe to profound sensorineural
hearing loss with congenital albinism. (Hearing loss of DF311.02 is due to a mutation in
CDHZ23) Leu312 is a completely conserved residue in the middle of the MITF basic helix-
loop-helix (bHLH) domain. A proline at this position would likely break the helix and
preclude proper DNA binding and possibly preclude dimerization as well. In family DF219,
three relatives heterozygous for M/TFc.981insC, p.(Leu327fs9Ter) demonstrated the same
hearing loss and albinism. A frameshift at residue 327 would lead to truncation in the middle
of the bHLH domain and loss of normal protein function. In contrast, in family DF186, three
relatives heterozygous for M/TF ¢.1190delG, p.(Gly397fs15Ter) also demonstrated
congenital sensorineural hearing loss but no pigmentation signs other than hair whitening of
the mother in her twenties. Truncation due to frameshift at residue 397 is distal to the bHLH
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domain, so its consequences to protein function were unknown. A transactivation assay of
the protein encoded by M/TF¢.1190delG, p.(Gly397fs15Ter) indicated that the
transcriptional potential of the mutant protein is greatly impaired compared to that of wild-
type MITF (Figure 2C, 2D).

GATAS3variants present an analogous story. GATA3 is responsible for an autosomal
dominant syndrome including hypoparathyroidism, sensorineural deafness, and renal
dysplasia (HDR), for which different alleles are associated with a wide spectrum of
phenotypes.28 Two families in our series reflect this heterogeneity (Figure 3). In family
HL738, the proband (DF738.01), heterozygous for GATA3 ¢.681ins35, p.(Glu228fs37Ter),
and his mother both demonstrated congenital severe-to-profound hearing loss and kidney
dysplasia. (Medical records for the sister and niece of the proband were not available.) In
contrast, in family HL769, all relatives heterozygous for GATA3¢.829G>A, p.(Asp277Asn),
demonstrated severe-to-profound hearing loss, but to date no renal or parathyroid problems.

CLPPis associated with Perrault syndrome, characterized by sensorineural hearing loss
(SNHL) and infertility in both females and males.2? In family DF313, affected siblings were
both compound heterozygous for novel variants CLPP¢.173T>G, p.(Leu58Arg) and
€.233G>C, p.(Arg78Pro) (Figure S1). These siblings are young, age 3y, and thus far have
profound hearing loss and auditory neuropathy but no other symptoms. It is not clear
whether they are pre-symptomatic for infertility or if this genotype leads to nonsyndromic
hearing loss.

S50X10is responsible for autosomal dominant Waardenburg syndrome types 2E30 and 4C,31
and for Kallmann syndrome.32 The adult proband of family HL971 and his mother, both
with congenital profound hearing loss, are heterozygous for novel variant SOX10

€.125 132del8, p.(Leud2fs21Ter) (Figure S1). Neither the proband nor his mother initially
reported any symptoms other than deafness. Upon detecting this SOXZ variant and asking
the proband about his sense of smell, we discovered that both he and his deaf mother have
anosmia, characteristic of Kallmann syndrome.

USHZA is responsible for Usher syndrome type 2A but signs of retinitis pigmentosa (RP)
depend on genotype and on age. In family HL149, the proband, age 3y is compound
heterozygous for USHZ2A ¢.3368A>G, p.(Tyr1123Cys)33 and USHZA ¢.240_241insGTAC, a
known pathogenic variant associated with SHL34 (Table S2). His mother, in her early
thirties, is homozygous for USH2A ¢.240_241insGTAC, with sloping mild-to-severe hearing
loss and mild RP. The proband also has a sloping mild-to moderate hearing loss, but as yet
no signs of RP.

TECTA can be responsible for autosomal dominant or autosomal recessive hearing loss.
Among families with dominant hearing loss, missense mutations in the TECTA zonadhesion
domain (amino acid residues 260-1694) are associated with high-frequency hearing loss,
while missense mutations in the TECTA zona pellicuda domain (residues 1795-2059) are
associated with mid-frequency hearing impairment32-37. This correspondence obtains for
family HL277 (p.Ala963Thr) and family DF193 (p.Asp2006Gly) (Figure S1).
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Contributions of founder alleles

Founder alleles of ancestral Jewish communities continue to contribute to hearing loss in
Israeli Jewish families. Table S3 lists the 75 variants in 32 genes of the families in the study,
distributed among different communities. Some variants were private to one family, whereas
others were more common but limited to one community, reflecting a founder effect (Table
S4). Among founder mutations, the principal contribution to hearing loss was of course from
GJBZalleles, but founder mutations in other genes also contributed. For example,
CEACAMI16.¢.703C>T, p.(Arg235Cys) was responsible for recessive hearing loss in family
DF301, of Jewish Iranian ancestry (Figure S1). This allele was subsequently identified in
children with hearing loss from other families of Jewish Iranian ancestry evaluated in clinics.
Another example is OTOF ¢.5193-1G>A, responsible for recessive hearing loss with
auditory neuropathy in family HL1015, of Syrian Jewish ancestry (Figure S1). This allele
was heterozygous in three of 184 hearing controls of Syrian Jewish ancestry (allele
frequency 0.008), but was absent from hearing controls of all other Jewish ethnicities and
absent from gnomAD. It is likely a founder mutation among Syrian Jews.

A quite common founder allele in the Ashkenazi community is SLC26A4¢.349C>T, p.
(Leul17Phe), with allele frequency 0.005 in the Ashkenazi Jewish population compared to
0.0002 in other gnomAD populations. No homozygotes for this variant have been observed
among hearing individuals of any ancestry. This missense occurs in a completely conserved
residue in the first transmembrane domain of SLC26A4, but its consequence has been
uncertain. Families HL1132 and HL1327 were informative for this variant (Figure S1). Of
the five children with hearing loss in these families, four are homozygous for SLC26A4 p.
(Leul17Phe). These deaf children are the first homozygotes reported for this variant.
HL1327.09, who has profound hearing loss but is heterozygous for SLC26A4 p.
(Leull17Phe), remains unexplained. She has no other mutation in SLC26A4. She may be a
phenocopy for inherited hearing loss in this family. Homozygosity for SLC26A4 p.
(Leul17Phe) has also been observed in four other Ashkenazi families during screening for
childhood hearing loss by genetics clinics in Israel. We speculate that SLC26A4 ¢.349C>T,
p.(Leull7Phe), or a non-coding regulatory mutation of SLC26A4 in tight linkage
disequilibrium with it, is pathogenic for nonsyndromic hearing loss.38-40.41

Figure 4 presents genotype-phenotype-ancestry associations for all variants encountered in
the study.

DISCUSSION

Genetic diagnosis will play an increasing role in treatment of both congenital and later onset
hearing loss. Success of cochlear implant may depend on the genetic cause of the hearing
loss.#2 The clinical application of gene therapy for some forms of hearing loss may prove
feasible,#344 put its application depends on correct genetic diagnosis. Gene panel-based
sequencing increased the yield of genetic diagnoses from 23%17 to 60% of familial hearing
loss in the Israeli Jewish population. The analysis revealed 57 different pathogenic variants
in 27 genes, with most variants not previously reported, and increased the number of genes
known to cause hearing loss in the Jewish population from seven to 32.
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Yield from the HEar-Seq gene panel compares favorably with whole exome sequencing
(WES).> Costs of WES have decreased in recent years, but far fewer patients can be
sequenced simultaneously with high coverage by WES than with a gene panel. Gene panels
have proven effective for genetic diagnosis of a tremendous variety of conditions, ranging
from inherited predisposition to cancer4® to inherited eye disorders.4” Gene panel
sequencing also minimizes the frequency of incidental findings,*8 which can introduce legal,
ethical, and social dilemmas. Nevertheless, for families not solved by panel sequencing,
WES is the next step in searching for a genetic diagnosis.

The discovery that mutation of A7OH1 can cause human hearing loss adds to understanding
the role of this transcription factor in mammalian hearing. ATOHL is crucial for the
development and differentiation of inner-ear hair cells*® and is first expressed in the nascent
organ of Corti. Loss of Afoh1 in mice causes hearing impairment, cerebellar and cochlear
malformations, and death,2> while conditional deletion of Atoh1 leads to lack of
differentiated inner ear hair cells,?° and the naturally occurring mutation Atoh1 p.Met200lle
causes hearing loss, progressive cerebellar atrophy, and trembling.26 The ATOHI mutation
of family HL263 yields a protein with an abnormal C-terminus associated with an
abnormally slow degradation rate. This is consistent with previous observations that Afoh1
protein stability is regulated by its interaction with the E3 ubiquitin ligase Huwel at
phosphorylation sites $328 and $339 (human S331 and S$342).5152 |n this context, a mouse
with mutation at the phosphorylation site Atohl S193 was shown to have late-onset
deafness.2” In wild-type mice, expression of Atoh1 ceases by the end of the first postnatal
week. Induction of Afoh1 at the neonatal stage causes formation of immature ectopic hair
cells, with randomized stereocilia orientation and reduced basolateral measured currents.
53,54 Atoh1 is also known to positively auto-regulate its own expression.>® We showed that
the human A7OHI mutation increases the stability of the protein through decreased
degradation. We hypothesize that persistent untimely expression of ATOH1 may generate
immature ectopic hair cells that interfere with development of normal hair cells.>8:57

Early diagnosis enables caregivers to learn whether children are likely to develop symptoms
other than hearing loss and so plan for specialized education and treatment. Among our
families, pathogenic variants in CLPP, SOX10, and USHZA, which cause syndromic hearing
loss, were detected in children prior to onset of additional symptoms. Similarly, a missense
mutation in GATA3was present in a family with relatives ages 15-60y with apparently non-
syndromic hearing loss. Ages at onset of the syndromic features of GA7A3Zare variable,
with mean age of onset during childhood or early teenage years, but possible onset of the
full spectrum of phenotypes as late as age 50.%8 It is still possible, therefore, that the affected
relatives of this family will develop syndromic features. It is also possible that mild
mutations in GATA3 could cause non-syndromic hearing loss.

In summary, the diversity of the Israeli Jewish population is reflected in the diversity of
mutations that have been revealed to be responsible for hearing loss. These variants include
mutations private to one family, founder mutations of ancestral communities, and mutations
appearing in families of all ancestries. Our results are informative for genetic counselors,
medical geneticists, audiologists and otolaryngologists caring for families with inherited
hearing loss. Genetic diagnosis can be integrated with history, physical examination, and
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audiometry to guide management of patients with hearing loss. The results can also assist in
developing guidelines for genetic screening of newborns with possible hearing loss, in Israel
and elsewhere.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
ATOH1 ¢.1030delC and age-related hearing loss. A, Family HL263 with progressive

sensorineural hearing loss in five generations. Filled symbols represent individuals with
hearing loss. V represents the variant allele and N the normal allele. The number under each
individual is the birth year. B, Average hearing thresholds of family members of various ages
heterozygous for the mutation. C, HEK293 cells transfected with expression constructs for
ATOHIWT or ATOH16-10300€IC Anti-ATOH1 labeling in green indicates nuclear localization
of both wild type and mutant ATOH1 (arrows). D, left column: Cochlear explant from an
Atoh1™~ mouse established at E14 and transfected with an ATOH1610300€/C gxpression
construct. Transfected cells (red) are present in a region that is consistent with the location
of the organ of Corti in a wildtype cochlea (shaded region, OC), as well as in several patches
that are located outside of the organ of Corti (arrows). Counter-staining for the hair cell
marker Myo7a indicates that many transfected cells have developed as hair cells. Right
column: High magnification images of the boxed region demonstrating expression of Myo7a
(green) and ATOHL1 (blue) in a patch of transfected cells. E, Western blot of ATOH1 protein
extracted from HEK293T cells transfected with wild type or mutant ATOH1, after 1-5 hours
treatment with 1mM cycloheximide. F, Quantification of the results of part C. Statistical test
was repeated measures ANOVA with post-hoc Holm-sidak correction for multiple
comparisons.
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Figure 2.
MITF1 variants associated with hearing loss and Waardenburg Syndrome Type 2A / Tietz

Syndrome in three families. A, Pedigrees of families DF311, DF186, and DF219, indicating
variation in syndromic features. B, Hearing thresholds by age, reflecting severe to profound
hearing loss in all affected individuals. C, Transactivation assay using a tyrosinase promoter
and luciferase reporter revealing that the transcriptional potential of protein encoded by
MITF ¢.1190delG is greatly impaired compared to the wild-type protein. Statistical test was
one-tailed student’s t-test. D, Western blot analysis indicates similar levels of wild type and
mutant MITF protein.
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communities. Numbers in parentheses are the number of probands of each ethnicity.
Numbers of cases are listed next to each gene.
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