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Abstract

Genetically determined hearing loss is a highly heterogeneous disorder, and to date the analysis of its causes has been con-
ducted selectively, covering only individual genes. Breakthroughs associated with current technological advances have con-
tributed to a rapid development in the molecular genetics of hearing loss. Here we review a number of novel and important
achievements in the field: application of next-generation sequencing, novel genes, and trends in molecular therapies for hear-
ing loss. Current achievements in the molecular genetics of hearing loss are discussed in the context of previously published
results and data from our own studies.
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NUEVAS ORIENTACIONES EN GENETICA MOLECULAR DE LA PERDIDA
DE AUDICION

Resumen

La pérdida de audicion determinada genéticamente es un trastorno muy heterogéneo. Hasta ahora, el andlisis de las causas se
basa en el principio de la selectividad e incluye s6lo genes individuales. El avance asociado con los progresos en tecnologia,
contribuyo al rapido desarrollo de la genética molecular de la pérdida de audicion. Este trabajo es una revision de nuevos e im-
portantes desarrollos en el campo de la secuenciacién de préxima generacidn, la identificacion de nuevos genes y las tenden-
cias en la terapia molecular de la pérdida de audicidn. Los avances modernos en genética molecular de la pérdida de audiciéon
se describen en el contexto de los resultados publicados anteriormente y los datos obtenidos a partir de la propia investigacion.

Palabras clave: genética « pérdida de la audicién e tecnologia NGS « biologia molecular

HOBBIE HAITPAB/IEHVA B MOIEKY/IIPHOV TEHETUKE TYTOYXOCTHU

WN3noxxenue

TeneTuueckn O6YC)IOBIICHH3H TYTOyXOCTb ABIAETCA BPICOKO I'€TEPOT€HHBIM HapYIIECHMEM. Ananus IIPpUYMH OO CUX IIOP
6bII OCHOBaH Ha NpUMHONUIIAX CEJIEKTUBHOCTU ¥ IIPMHMMA/I BO BHUMAaHNE TOIbKO OTHAE/NIbHbIE I'€HbI. HPOprB, CBsA3AaH-
HBIV C Pa3BUTUEM TEXHOJIOTUMN, ITOBINAT Ha 6bICTpO€ pa3BuTHNE MOHeKyHHpHOﬁI TE€HETUKU TYTOYXOCTU. HaCTOF[IJ.IaH pa-
60Ta — 3TO 0630p HOBBIX M Ba>XKHbIX JIOCTI/I)KeHI/Iﬁ B ob6mactu CEKBE€HVPOBAaHMA HOBOI'O IIOKO/I€HNA, I/IJIeHTI/I(i)I/IKaLH/H/I
HOBBIX T'€HOB " HanpaBneHm?[ B MOHeKyHHpHOﬁ Tepanum TYroyxocTu. COBpeMeHHbIe OOCTVOXKECHUA B MO)IeKyIIFIpHOI‘/‘[
T€HETUKE TYTOYXOCTM OIMCAaHbl B KOHTEKCTE paHe€e M3TAHHBIX PE3y/IbTaTOB U JaHHBIX, IIOTYy4Y€HHbIX B X0/ € co6CTBEH-
HbIX MCCHeHOBaHVIﬁl.

KnioueBble CI0Ba: TEHETNKA » TYTOYXOCTb » TexHomorusA HI'C « MonekynsapHas 6monorus

NOWE KIERUNKI W GENETYCE MOLEKULARNE] NIEDOSEUCHU
Streszczenie
Niedostuch uwarunkowany genetycznie jest zaburzeniem wysoce heterogennym. Jak dotad analiza przyczyn byla oparta o za-

sady selektywnosci i uwzgledniata tylko pojedyncze geny. Przelom, zwigzany z rozwojem technologicznym, wplynal na szyb-
ki rozwdj genetyki molekularnej niedostuchu. Niniejsza praca jest przegladem nowych i waznych osiagni¢¢ w dziedzinie
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sekwencjonowania nastepnej generacji, identyfikacji nowych genéw oraz kierunkéw w terapii molekularnej niedostuchu.
Wspdlczesne osiagnigcia w genetyce molekularnej niedostuchu opisano w kontekscie wezes$niej opublikowanych wynikéw

i danych uzyskanych z wtasnych badan.

Slowa kluczowe: genetyka « niedostuch « sekwencjonowanie nowej generacji (NGS) « biologia molekularna

Introduction

Achievements of the last 20 years in the molecular genetics
of hearing loss (HL) have contributed greatly to a better
understanding of the pathogenesis of deafness. Clarifying
the genetic basis of HL and recognizing the phenotypic
characteristics resulting from certain mutations is of great
interest for researchers worldwide. However, the task is dif-
ficult because as many as 300 genes might be involved in
the proper functioning of the auditory pathway and muta-
tions in any of them can result in hearing impairment [1].

In the standard diagnostic procedure, searching for a ge-
netic basis of HL in patients is usually limited to analysis of
the GJB2 gene. In Caucasians the most common mutation
responsible for autosomal recessive deafness is a deletion
of guanine 35 (c.35delG) in the GJB2 gene, encoding con-
nexin 26. Occasionally, mutations in the GJ/B6, SLC26A4,
MYOI15A, or OTOF genes and in mitochondrial DNA (e.g.
m.1555A>G, m.3243A>G) are tested [2].

Determining the molecular basis of deafness is important
both for the patient and for the whole diagnostic and ther-
apeutic process. Knowledge of the genetic basis of hearing
impairment might be useful in forecasting the results of
treatment or rehabilitation - for example predicting wheth-
er use of a cochlear implant might be beneficial. In other
situations, the information might be used to prevent the
occurrence of phenotypic consequences of certain muta-
tions. An example here is the avoidance of aminoglycoside

antibiotics in patients with a confirmed m.1555A>G mu-
tation in the mitochondrial DNA. This paper sets out cur-
rent trends in the molecular genetics of hearing loss. The
trends include application of next-generation technology
(NGS), identification of novel genes, and molecular ther-
apies for hearing loss.

Application of NGS technology: Studies on the
genetic background of HL

Massive parallel sequencing (MPS), also called next-gen-
eration sequencing (NGS) developed over the last decade,
has drastically reduced the cost and increased the efficien-
cy of DNA sequencing. It has thereby opened up its use
to daily clinical practice [3,4]. Whole exome sequencing
(WES, i.e. sequencing of all the protein-coding genes in
a genome), allows one to not only look for mutations in
already known genes associated with a particular disease,
but also gives the opportunity to discover new genes un-
derlying the disorder being studied. WES technology is
considered an effective strategy for the discovery of novel
genes, as more than 80% of disease-causing variants are
located in protein-coding regions [5,6].

Another way of identifying the genetic cause of a disease is
to perform sequencing of a selected panel of genes. There
are many commercial tests based on NGS, which differ
in technologies and numbers of genes included (Table 1).

Table 1. Commercial tests for HL based on NGS technology (selected examples)

Genetic tests

Number of analyzed

ECHpany for deafness genes Uiy
Otogenetics Corporation, Norcross, GA, USA  Human deafness panel 129 l(llill\l|r5ne|2? sequencing
Radboud University Medical Center, Hearing impairment gene 126 ABI SOLID sequencing,
Nijmegen, The Netherlands panel DGD141114 lllumina sequencing
University of lowa Hospital and Clinics,
Molecular Otolaryngology and Renal OtoSCOPE version 6 116 Illumina sequencing
Research Laboratories, lowa City, IA, USA
Fulgent Diagnostics, Temple City, CA, USA Hearing loss NGS panel 103 Illumina sequencing
Center for Human Genetics and Laboratory ~ Hearing loss/deafness Genotyping (Microarray,
o N o . 91 Beads, etc.)

Medicine Martinsried, Martinsried, Germany  multi-gene panel .

Sequencing, Next Gen
Partners HealthCare Personalized Medicine,
Laboratory for Molecular Medicine, OtoGenome panel 87 Illumina sequencing
Cambridge, MA, USA
sistemas Gepomlcos, Medical Genetics Unit, Familiar deafness 79 ABI SOLID sequencing
Paterna, Spain
Asper Biotech Ltd, Tartu, Estonia Hearing loss/deafness 76 Illumina sequencing

multi-gene panel
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Table 2. Genes with mutations identified by WES in Polish patients with HL

Gene Cases %
SLC26A4 4 26.7
TMC1 3 20.0
MYO15A 2 133
WFS1 1 6.7
TRIOB 1 6.7
TMPRSS3 1 6.7
POU3F4 1 6.7

Targeted genomic enrichment (TGE) and massively paral-
lel sequencing to capture the exons of as many as 246 genes
was designed and implemented by Brownstein et al. [7].
Currently, the panel has been expanded to 284 genes (121
human genes and 163 human orthologues of mouse HL
genes) and applied to 1 Brazilian and 67 Israeli Jewish fam-
ilies with HL. More than 20 genes, particularly TMCI but
also POU3F4, MYO6, and MYO15A, carried pathogenic
variants. This work made it possible to solve 38% of HL
cases in the Jewish Israeli population [8]. The same pan-
el (284 genes) was used among 91 hearing loss families of
Arab ethnicity. Novel mutations in 23 known deafness genes
were discovered. Additionally in one family who underwent
WES a novel hearing loss gene SLC25A21 (coding a solute
carrier family 25, member 21, which transports C5-C7 ox-
odicarboxylates across inner mitochondrial membranes),
was identified. In the study, the mutations causing deaf-
ness were determined in 32% of the studied population [9].

French and British groups have used panels of 71 and 67
genes, respectively, among hearing loss patients [10,11].
To prepare the libraries, the first group used Illumina Nex-
tera Rapid Capture custom enrichment (Illumina Inc., San
Diego, CA, USA) or Nimblegen SeqCap EZ Choice (Roche
AG, Basel, Switzerland). In the case of a recessive inherit-
ance of HL, only the proband was tested by NGS. If domi-
nant inheritance was suspected, a minimum of three fam-
ily members (the patient as well as an affected relative and
a control relative) were studied. Except for the mutations
in autosomal genes, in which myosin genes dominated,
mutations in three already known genes (POU3F4, SMPX,
and PRPSI) on the X chromosome were found [10]. Our
unpublished data is consistent with the observation that
the POU3F4 gene is a significant cause of X-linked HL
(A. Pollak, in prep.).

The second group applied a custom-designed HaloPlex
targeted genomic capture kit (Agilent Technologies Inc.,
Santa Clara, CA, USA) in 59 British Asians HL patients
to screen the coding regions of 67 non-syndromic deaf-
ness genes. In 15 cases, pathogenic or possible patho-
genic mutations in the GIPC3, LHFPL5, LOXHDI1, MY-
OI15A, MYO3A, OTOF, PCDH15, STRC, and TMIE genes
were identified [11]. The largest panel of 307 deafness
genes was used by the China group to screen 147 DNA
samples retrieved from HL patients. Among non-syndro-
mic patients with early-onset HL, the molecular back-
ground was determined for 56.6% of patients, while in the

individuals with late-onset HL the causative genes were
found in 39.5% [12].

NGS technology has also been successfully implemented
in the Department of Genetics, World Hearing Center, In-
stitute of Physiology and Pathology of Hearing to study
mutations in nuclear and mitochondrial genes in patients
with HL. For the nuclear genes (WES) we use a Nextera
Rapid Capture exome kit (Illumina Inc.), while for the mi-
tochondrial DNA, a Nextera XT DNA Library preparation
kit (Illumina Inc.) is applied. Sequencing is performed on
both the HiSeq1500 and MiSeq platforms (Illumina Inc.).
Our preliminary results reveal that there is no other single
gene as frequent as DFNB1 (GJB2/GJB6) in recessive HL
(Table 2) [Pollak, in prep.; 13]. Except for GJB2 and GJBS6,
among the major genes responsible for recessive HL in our
patients are SLC26A4, TMCI, MYOI15A, and TMPRSS3,
and results are comparable with data from other Europe-
an populations [Lechowicz, in prep.; 14,15].

Novel genes in hearing loss

One of the newest findings has been the identification of
the first gene for autosomal dominant otosclerosis [16].
Despite a number of families with autosomal dominant-
ly inherited otosclerosis, the etiology of the disease has
remained unknown [17,18]. Ten different genetic loci
(OTSC1-10) have been mapped so far (http://hereditary-
hearingloss.org), but for none of them any gene has been
assigned. A combination of linkage, fine mapping, and ex-
ome sequencing in a family from Newfoundland (Cana-
da), led to the identification of a 15-bp in-frame deletion
in the FOXL1 gene (NM_005250_c.976_990het_delGG-
GATCCCCTTCCTC), which causes the removal of five
amino acids from the highly conserved C-terminus. The
variant completely segregated with the disease in all fami-
ly members with surgically confirmed otosclerosis [16,19].

Changes in the structure of the FOXLI1 protein, which
functions as a transcriptional regulator, may ultimately lead
to the dysregulation of cytokine expression. This interpre-
tation is consistent with the hypothesis of activated bone
remodeling in the middle ear in patients with otosclerosis
[20]. Clinical otosclerosis is defined as a bone remodeling
disease, characterized by the cementing of the stapes bone
to the oval window and considered a major cause of con-
ductive hearing loss in adults. Notwithstanding, the final
recognition of the role of FOXLI in otosclerosis requires
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Table 3. Examples of novel genes associated with hearing impairment identified using WES technology

Gene Method for identification Studied population Reference
Exome sequencing (Roche NimbleGen SeqCap EZ . . .
ADCY1 Human Exome Library) Illumina HiSeq Pakistani family [27]
Exome sequencing (SureSelectXT Human All Exon V5
BDP1 (Agilent Technologies, Inc.; Applied Biosystems SOLID ~ Qatari family [28]
System-Version 2.0.1)
Exome sequencing (Agilent SureSelect Human All Exon . .
FAM65B 50 Mb Kit); lllumina HiSeq 2000 Turkish family [29]
Exome sequencing (Agilent SureSelectXT Human All .
HOMER2 Exon V4) Illumina HiSeq 2000 European family [30]
Exome sequencing (Illumina TruSeq 62 Mb Exome . .
mem2 Enrichment kit); Illumina HiSeq 2000 Chinese family [31]
MET Whole-exome sequencing Pakistani family [32]
Exome sequencing (lllumina TruSeq Exome . . .
NARS2 Enrichment Kit; Roche NimbleGen SeqCap EZ Exome ?;rﬁlisliteasm and Caucasian [33]
Library v2.0) Illumina HiSeq 2000
Exome sequencing (Agilent SureSelect Target . .
P2RX2 Enrichment system); Illumina HiSeq2000 Chinese family (34]
Exome sequencing (lllumina TruSeq Exome . .
TBCID24 Enrichment Kit) Illumina HiSeq 2000 Chinese family (35]
TMEM132E Exome sequencing (Roche SureSelect Human All Exon Chinese family [36]

Kit) lllumina HiSeq 2000

further studies. For a pathogenic dominant variant, the
frequency of the identified FOXL1 mutation in the gen-
eral population is unexpectedly high (0.16% in Europe-
ans and 0.09% in Africans) [16]. In an autosomal domi-
nant disease model, variants with an allele frequency of
<0.1% are considered potentially pathogenic.

Another remarkable finding relates to the PSIPI gene,
which for the first time has been found to cause HL.
Whole exome sequencing from an Italian family identi-
fied a frameshift deletion leading to a premature stop co-
don (c.1554_1555del, p.E518Dfs*2, p.T519X) in the PSIPI
gene. Among studied family members, the mutation seg-
regated with sensorineural progressive hearing loss at me-
dium-high frequencies and with various eye phenotypes,
such as uveitis and optic neuropathy. Additional data dem-
onstrated that this mutation does not cause mRNA deg-
radation, despite the introduction of a premature stop co-
don [21]. PsipI is expressed in the nuclei of hair cells and
supporting cells in the mouse cochlea, but it has not been
identified in the auditory nerve. The protein encoded from
the gene seems to function as a transcriptional co-activa-
tor in the cochlea and a possible protector against photo-
receptor degeneration in the eye [22,23].

Quite recently, PEX1 and PEX6 genes have been identi-
fied as a molecular cause of Heimler syndrome (HS) [24].
Whole exome sequencing among eight families with HS
pinpointed biallelic mutations in PEXI or PEX6 genes in
six affected families. The syndrome is a rare recessive dis-
order [25] which was described for the first time in 1991
in a brother and sister who had profound sensorineural
hearing deficiency, enamel hypoplasia limited to the per-
manent dentition, and nail abnormalities [26]. Mutations

12

in PEX1 and PEX6 have, so far, been detected only in pa-
tients with peroxisome biogenesis disorders (PBDs) such
as Zellweger syndrome. Interestingly, in samples collected
from affected family members (plasma, erythrocytes, and
cultured skin fibroblasts), no significant changes in bio-
chemical peroxisomal parameters were found. Nonethe-
less, a mosaic peroxisomal pattern, manifesting in mild
peroxisomal dysfunction, was detected at the cellular lev-
el using immunofluorescence microscopy [24]. This study
reveals the phenotypic heterogeneity of PEX mutations.

Beside the above-mentioned genes associated with hear-
ing impairment, in the last few years many novel HL genes

have been identified (summarized in Table 3).

Evaluation of existing knowledge

An extremely important issue, triggered by the NGS tech-
nology, is evaluation of the existing knowledge. The efforts
are particulairy focused on the role of different genes in
the disease pathogenesis. In the field of HL, at least two
genes have been excluded from the “pathogenic list” over
the last years. The first report questioned the role of RA-
B40AL mutation as a disease-causing change involved in
Martin-Probst syndrome (MPS). RAB40AL had been iden-
tified at the locus of MPS, an X-linked deafness / intellec-
tual disability syndrome, based on linkage studies, segre-
gation of a missense change p.D59G in the gene with the
disease in a single family, and in vitro localization stud-
ies [37]. However, we have found a high prevalence of the
p.D59G variant (2.47%) in the general Polish population,
which allows us to exclude the role of the RAB40AL muta-
tion as a disease-causing change in MPS and the involve-
ment of RAB40AL in MPS [38,39].
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In another report, the pathogenic role of the MYOIA gene,
which was previously considered an essential gene causing
autosomal dominant nonsyndromic hearing loss DFNA4S,
was challenged [40]. The studied patients and also their
unaffected relatives were found heterozygous for two nov-
el nonsense (p.Tyr740* and p.Arg262*) and a known mis-
sense variant in the MYOIA gene. Interestingly, among
those families deafness was caused by mutations in oth-
er genes (MYO7A, EYAI, and CIB2). Based on these find-
ings, and a high prevalence of previously reported MY-
OIA mutations in the general population, the evidence
for its pathogenic potential in HL is currently lacking [41].

Perspectives and state of the art therapies

Efforts to repair and restore the function of sensing cells
in the inner ear have significantly intensified over the last
10 years. The inner ear hosts a number of specialized cells,
and their regeneration is a potential target for new thera-
pies of HL. In a properly functioning auditory pathway, all
cell types must be present and functional. While restoring
the perception of sound over the whole auditory pathway
would be the most worthy goal, experience learnt from
the use of cochlear implants shows that even partial recov-
ery of a missing element in the pathway may be sufficient
to restore some aspects of sound perception. Currently,
the most intense research is being carried out using three
strategies: stem cells, molecular therapy, and gene therapy.

With these three methods, researchers are trying to restore
hearing at the cellular level. An example of such new ther-
apies is an effort to find a method to treat the DENBI type
of deafness caused by mutations in the GJB2 gene. In vitro
studies are promising, showing that transfer of a normal
Gjb2 gene in the mouse can restore functionality of con-
nexons [42]. These studies are a precursor to future strat-
egies aimed at restoring the function of gap junctions, an
approach which could improve hearing among many pa-
tients with a genetic background of HL.

There are also attempts to use gene therapy to restore the
functionality of spiral ganglion neurons (SGNs). Since
cochlear implants stimulate the SGNs directly via elec-
trical impulses, survival of these neurons is a prerequisite
for successful cochlear implantation. In animal models,
many viral vectors have been successfully used to trans-
fer the gene encoding BDNF (Brain Derived Neurotrophic
Factor) into the cells of the inner ear, enabling their short-
term survival [43], but it is uncertain whether this meth-
od will be effective in the long term.

References:
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Another active area of research are attempts to produce
new hair cells in mammals. Experiments have been carried
out to convert endogenous supporting cells into hair cells,
mostly through principal regulatory elements such as tran-
scription factor ATOH1 (Atonal Homolog 1 (Drosophila)),
which is required for proper cell differentiation. Atohl
transfection into mouse inner ear appears promising, as
such mice were able to obtain functional hair cells [44,45].
In cochleas with hair cells damaged from noise expo-
sure, expression of the AtohlI gene induced repair of these
cells [46]. This approach might help in the treatment of
hearing loss caused by acute acoustic trauma (e.g. after ex-
posure to intense noise). In such a case, treatment would
need to be initiated within a short time. In 2014 the US
FDA (Food and Drug Administration) approved for clini-
cal human trials the delivery of the ATOH]I gene into sup-
porting cells of the inner ear via an adenovirus. Details
of the study have been reported by the participating com-
panies, Novartis (Switzerland, Basel) and GenVec (USA,
Gaithersburg), at https://clinicaltrials.gov/ct2/home.

Attempts to restore hearing using the strategies described
above require precise knowledge of the actions of the in-
dividual components of the auditory pathway at the cel-
lular level. The corollary of this is that detailed studies of
the properties and activities of proteins, RNAs, and genes
associated with hearing loss are essential.

Summary

Isolated, congenital deafness is the most common mono-
genic disorder and in 80% of cases it is inherited in an au-
tosomal recessive manner. Mutations in GJB2 are respon-
sible for the occurrence of this type of hearing loss in most
Caucasian populations; therefore routine diagnostic tests
among HL patients have been focused on analyzing this
gene. Currently, for patients who have a suspected genet-
ically based HL, and where GJB2 mutation has been ex-
cluded, a reasonable diagnostic option is the use of NGS
technology, either as WES or a panel of selected genes.
WES allows a genetic background of HL to be identified
in about half of all HL patients, although the cause of the
remaining half still needs to be uncovered.
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