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Abstract

Structural variation includes a change in copy number, orientation, or location of a part of the genome. Copy number vari-
ants (CNVs) are a common cause of genetic hearing loss, comprising nearly 20% of diagnosed cases. While large deletions
involving the gene STRC are the most common pathogenic CNVs, a significant proportion of known hearing loss genes also
contain pathogenic CN'Vs. In this review, we provide an overview of currently used methods for detection of CN'Vs in genes
known to cause hearing loss including molecular techniques such as multiplex ligation probe amplification (MLPA) and
digital droplet polymerase chain reaction (ddPCR), array-CGH and single-nucleotide polymorphism (SNP) arrays, as well
as techniques for detection of CNVs using next-generation sequencing data analysis including targeted gene panel, exome,
and genome sequencing data. In addition, in this review, we compile published data on pathogenic hearing loss CNVs to
provide an up-to-date overview. We show that CN'Vs have been identified in 29 different non-syndromic hearing loss genes.
An understanding of the contribution of CNVs to genetic hearing loss is critical to the current diagnosis of hearing loss and
is crucial for future gene therapies. Thus, evaluation for CNVs is required in any modern pipeline for genetic diagnosis of

hearing loss.

Introduction

Sensorineural hearing loss (SNHL) affects 1-3 per 1000
newborns, with approximately 50% of congenital and pre-
lingual deafness being caused by genetic factors (Smith et al.
2005; Morton and Nance 2006; Lieu et al. 2020). Individuals
with non-syndromic hearing loss (NSHL), which represents
the majority of genetic cases, have no extra-auditory phe-
notypes. There are hundreds of syndromic forms of hearing
loss; some of the most common syndromic forms of hear-
ing loss include Usher syndrome, Pendred Syndrome, and
Waardenburg syndrome (Shearer et al. 1999).

Determining causal, or pathogenic, variants in individuals
with genetic hearing loss informs management and treat-
ment decisions, prevents redundant diagnostic testing, and
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provides invaluable information regarding recurrence risk
and progression of HL (Lieu et al. 2020). Our knowledge of
the pathological mechanisms underlying hearing loss has
been made possible due to technological advances in molec-
ular genetics. Over the past decade, single gene sequencing
has given way to comprehensive genetic testing of all known
hearing loss genes using new DNA sequencing technologies
(Shearer and Smith 2015). To date, there are 123 identified
non-syndromic hearing loss genes (https://hereditaryheari
ngloss.org) and more than 7000 reported pathogenic sin-
gle-nucleotide variants (SNVs) in these genes (https://deafn
essvariationdatabase.org) (Azaiez et al. 2018). New DNA
sequencing technologies have simultaneously improved the
overall diagnostic success of genetic testing for hearing loss
while at the same allowing for improved detection of struc-
tural variation (SV).

SVs include alterations in copy number (copy number vari-
ants, CN'Vs), changes in genomic orientation (inversions),
insertions of mobile elements of the genome, or movements
of genomic location (translocations). SVs can also be complex
and include combinations of CNVs, inversions, insertions,
and translocations. This review will focus primarily on CNVs
given that they are the most common cause of pathogenic
SVs in humans. Duplications are CNVs which increase the
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number of the alleles to more than two at a particular auto-
somal genomic locus, while deletions are a reduction in the
standard set of two alleles at an autosomal locus. CNVs are
differentiated from small insertions or deletions (indels) in that
a larger number of nucleotide bases are involved. Although
there is no formal definition, an alteration of more than 50 bp
is generally considered a CNV. Recurrent CNVs typically
have endpoints consistently located in specific regions of the
genome containing low copy repeats (LCRs). These recurrent
CNVs are often formed by non-allelic homologous recombi-
nation (NAHR) involving LCRs. In contrast, non-recurrent
CNVs are believed to occur due to non-homologous repair
mechanisms that may randomly occur throughout the genome.
Proposed mechanisms for formation of these non-recurrent
CNVs include non-homologous end joining (NHEJ), micro-
homology-mediated end joining (MMEJ), and stress-induced,
leading to errors in DNA replication (Hastings et al. 2009).
While CNVs are believed to play a necessary role in genomic
variability of a given population, they are also associated with
pathological consequences by way of positional and gene dos-
age effects, gene disruption and gene fusion (Stranger et al.
2007).

Recent studies have shown that CN'Vs are a major cause
of genetic NSHL. In one study, CNVs were found to be
causative in 18.7% of 267 individuals with genetic hear-
ing loss (Shearer et al. 2014). Deletions involving the gene
STRC are the most common CNVs associated with hearing
loss and are, in fact, the second most common pathogenic
deafness-causing alleles in humans (causative in 11.2% of
genetic diagnoses, second only to GJB2 c.35delG in 14.4%
of diagnoses) (Shearer et al. 2019). Variants in STRC were
the second most common genetic cause of hearing loss in
more than 2460 individuals, comprising 14.3% of all diag-
noses (Shearer et al. 2019). But CNVs in STRC are not the
only pathogenic CNVs in hearing loss: in 2016, we iden-
tified pathogenic CNVs in 16 different hearing loss genes
(Shearer et al. 2014). Since that time there have been several
other publications reporting new hearing loss CNVs as well
as advances in technology for detecting these CN'Vs. The
aims of this review are: (1) to provide a description of cur-
rently available technologies for detection of CNVs, and (2)
to present an update on the genetic contribution of CNVs
to genetic hearing loss. Based on these data, it is clear that
CNV detection should be included in any diagnostic evalu-
ation for genetic hearing loss.

Methods to detect CNVs
Molecular techniques: MLPA and ddPCR

MLPA is a modified version of multiplex PCR that detects
CNVs by comparing the relative amplification of genomic
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loci through a unique hybridization and ligation method.
A control DNA sample is required for complete evalua-
tion, and amplification after hybridization and ligation is
measured by fluorescence using a standard capillary electro-
phoresis instrument. MLPA is a low-cost, high-throughput
assay. Assays may be developed in-house but this is labor-
intensive. There is one ready-to-use commercial kit targeted
towards genetic hearing loss CNVs (MRC Holland, the
Netherlands) which includes probes for the STRC and OTOA
regions, the two genes with the most prevalent pathogenic
CNVs causing hearing loss (see below). MLPA has a high
accuracy but is limited by the need for design of discrete
functional probes. Because it is based on unique hybridiza-
tion sites of the genome, MLPA can determine CNVs in
small non-homologous regions of a gene but resolution is
limited in regions that share sequence homology with other
exons (e.g. pseudogenes). The assay itself requires a> 12-h
hybridization step which is time-limiting for high-through-
put workflows. The cost per assay is typically less than $50
USD per sample.

gPCR detects copy number changes through threshold
cycles (Ct) between target genes and a reference sequence
and is often used as a confirmatory assay for CN'Vs detected
by other methods (Gu et al. 2015). It is a low cost, specific
way to measure copy number variation, but the process is
labor-intensive due to primer selection and multiple runs
and results can be unreliable. ddPCR is a modified version
of qPCR that maintains the simplicity of a PCR-based assay
while detecting CN'Vs at higher resolution and sensitivity by
partitioning the PCR mixture into thousands of discrete reac-
tions. ddPCR has been shown to be effective as a primary
assay to detect known deletions or to increase the diagnostic
yield of NGS-based dosage analysis when used as a second-
ary assay, but is limited in its ability to detect novel dele-
tions that affect the targeted region but do not overlap with
sequences targeted by the probe (Amr et al. 2018; Tayoun
et al. 2016). These assays are less time-consuming than an
MLPA. The cost per assay is typically less than $50 USD
per sample.

Microarrays

Array-based methods including array-comparative genomic
hybridization (array-CGH) and SNP arrays are an efficient
high-throughput approach to identifying known CNVs on
a genome-wide scale. Unlike PCR-based methods, micro-
arrays provide resolution across the genome, allowing for
CNV detection from thousands of genes. In aCGH, CNVs
are detected by comparing the quantity of differentially
labeled target DNA in loci of interest to co-hybridized
reference DNA (Tchinda and Lee 2006). Array-CGH is
commonly used as a clinical screening tool to evaluate for
suspected genomic deletion syndromes. It is also used to



Human Genetics

evaluate genes involved in novel microdeletion and duplica-
tion syndromes and due to its high sensitivity and specificity
can be used as a confirmatory method for NGS (Freitas et al.
2014; Sinajon et al. 2015; Sugiyama et al. 2019). However,
the primary limitation of array-CGH is a low spatial resolu-
tion given the non-random distribution of probes around the
genome. Most modern array-CGH platforms include more
than 300,000 probes with a median of ~ 10,000 base pairs
between probes. However, this varies significantly by gene
which should be considered when evaluating the suitability
of evaluation of hearing loss genes. For this reason, custom
array-CGH platforms can be designed to better evaluate tar-
get genes (Boone et al. 2010). In addition, array-CGH is
limited in its ability to effectively resolve gene conversions
or balanced rearrangements.

Alternatively, SNP arrays compare the hybridization
intensities of short base-pair DNA probes in a sample to a
normalized reference set to identify SNPs across a genome.
SNP data are then analyzed by algorithms such as Quan-
tiSNP and PennCNYV to infer data on duplications or dele-
tions (Lahbib et al. 2019). This array offers higher quality
and resolution and requires less sample DNA than aCGH
(Vona et al. 2015). However, there are similar limitations to
array designs in terms of spatial resolution being limited to
on average ~ 10,000 base pairs which varies by gene. Current
SNP arrays typically comprise > 100,000 SNPs across the
genome. Informative SNPs in regions of complex CNVs are
limited which impacts the comprehensiveness of this array.
SNP arrays and array-CGH vary widely in cost depending
on whether a standard or custom array is used, but typically
cost less than $500 per sample.

Importantly, when considering incorporation of qPCR,
ddPCR, or microarrays into a workflow for diagnostics, these
assays cannot identify single-nucleotide variants (SNVs),
which require a separate assay In contrast, CNV calling
using NGS requires only a single assay and specific analysis
tools for CNVs and SNVs.

CNV calling using next-generation sequencing
(NGS)

Next-generation sequencing (NGS), also termed high-
throughput sequencing, has dramatically improved the abil-
ity to generate genomic data for genetic diagnosis. This has
allowed the advent of comprehensive genetic diagnosis for
hearing loss and has now become the standard of care for
evaluation of genetic hearing loss (Shearer and Smith 2015).
In the new paradigm made available by NGS, a single wet-
bench assay is performed leading to the generation of large
amounts of data. These data can then be run through varying
workflows which may include SNV analysis and also CNV
analysis. Therefore, a separate analysis, not separate assay,
is typically used for evaluation of CN'Vs. Crucially, further

data analysis may be performed as technology advances
without the need for repeat data generation.

Sequencing methods available for detecting CNVs and
structural variants include targeted NGS, exome sequencing
(ES), genome sequencing (GS), and long-read sequencing.
Targeted NGS and ES are useful for calling exon deletions
and duplications but have low resolution for determining
exact breakpoints and will miss copy number neutral vari-
ants, e.g., inversions, where the breakpoints do not over-
lap the targeted regions. GS has increased power to iden-
tify non-exonic breakpoints and copy number changes, if a
PCR-free protocol is used. Finally, other technologies such
as long-read sequencing and optical mapping (described in
the next section) are powerful tools for resolving complex
structural variants and those involving repetitive regions of
the genome.

There are four methods of structural variant calling gen-
erally used for NGS: read depth, paired read, split read and
assembly-based (Fig. 1) (Escaramis et al. 2015). Read depth
methods use changes in the read depth across deletions and
duplications to accurately calculate absolute copy numbers.
However, they cannot detect copy number neutral variants
and have poor resolution of breakpoints. Paired read meth-
ods look for read pairs that map discordantly with regard to
the expected insert size or orientation. They can detect copy
number neutral variants but are also limited in breakpoint
resolution. Split read methods use soft-clipped or split reads
that map across breakpoints and can reach single-nucleotide
resolution but are limited by short read lengths. Assembly
based methods involve de novo assembly of contigs that are
then aligned to the reference. They also have single-nucleo-
tide resolution and can discover novel insertion sequences;
however, they can be computationally expensive and are
prone to errors. Many NGS variant calling algorithms inte-
grate more than one method, such as Manta (read pair, split
read, assembly) (Chen et al. 2016).

There are a number of variant calling algorithms avail-
able, each generally developed for a specific sequencing
technology and/or type of structural variant. CNV callers
using read depth methods have been developed to be used
on ES (ExomeDepth) (Plagnol et al. 2012), WGS [Canvas
(Roller et al. 2016), CNVnator (Abyzov et al. 2011)], or
both [GATK-GCNYV (Babadi et al. 2018), cn.MOPS (Klam-
bauer et al. 2012)]. Callers for a broader range of structural
variants are usually developed for WGS [Manta, Lumpy
(Layer et al. 2014), Delly (Rausch et al. 2012), DRAGEN]
or long-read sequencing [Sniffles (Sedlazeck et al. 2018),
SVIM (Heller and Vingron 2019), NanoVar (Tham et al.
2020)]. Specialized callers for mobile element insertions
(MEIs) and short tandem repeat expansions (STRs) have
also been developed: MELT (Gardner et al. 2017), Scramble
(Torene et al. 2020), TEI (Lee et al. 2012), and Expansion-
Hunter (Dolzhenko et al. 2019), GangSTR (Mousavi et al.
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Fig.1 Structural variant calling methods using next-generation
sequencing. Read depth: normalized read depth decreases to 0.5 X at
deletions (red) and increases to 1.5Xat duplications (green). Paired
read: reads pairs align unexpectedly distant from each other when
crossing deletions (red) and are in the wrong orientation when cross-
ing tandem duplication breakpoints (green). Split read: reads that

2019), HipSTR (Willems et al. 2017), for MEIs and STRs,
respectively. Some tools integrate multiple algorithms such
as GATK-SV (Manta, Delly, MELT, cn.MOPS) (Collins
et al. 2020).

The power to detect structural variants depends on the
sequencing protocol, calling method and algorithm, and SV
type and size, and these should be taken into consideration
when planning or interpreting high-throughput sequencing
for SVs in hearing loss genes. Features of particular genomic
regions, such as extreme GC content or repetitive elements,
can complicate SV detection. In particular, many genes have
closely related pseudogenes that reduce read mapping qual-
ity and muddle copy number calling. Of note, seven genes
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cross deletion (red) or duplication (green) breakpoints are either split
(partially align to different regions) or soft-clipped. Assembly based:
reads are used to assemble the novel sequence created by the struc-
tural variant and then aligned to the reference. Figure created with
BioRender.com

implicated in hearing loss are located in highly repetitive
regions of the genome and two genes have associated pseu-
dogenes with high homology (STRC and OTOA) (Shearer
et al. 2014). The diversity of SV calling algorithms available
combined with few comprehensive benchmarking studies
(Cameron et al. 2019; Kosugi et al. 2019; Zhao et al. 2020;
Lepkes et al. 2021; Roca et al. 2019; Zhang et al. 2019)
means that the choice needs to be decided on a case-by-
case basis. Ideally, a combination of multiple technologies
and calling algorithms can be deployed to comprehensively
investigate structural variants in the genome (Chaisson et al.
2019). For example, while Manta generally rates highly for
WGS analysis (Cameron et al. 2019), one may want to add
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CNVnator for better detection of large deletions and duplica-
tions and MELT for MEIs (Kosugi et al. 2019).

CNV calling using long-read DNA sequencing
technologies

Long-read technologies, or third generation sequencing,
have the capability of generating reads with lengths rang-
ing from 10 kb to several mb directly from native DNA,
making them well adapted for detecting SVs in complex
regions of the genome (Logsdon et al. 2020). Although
NGS is cost-effective and has well established methods
for CNV detection, it has low sensitivity (30-70%) when
used to detect structural variations (Jenko Bizjan et al.
2019). Long-read technologies are more likely than NGS
to detect complex SVs or CNVs in repetitive regions,
using less reads (Norris et al. 2016). Current instru-
ments include Oxford Nanopore Technologies’ MinION
device and Pacific Biosciences’ single-molecule real-time
(SMRT) sequencing. MinION is a portable device that
translocates an individual DNA strand through a biologi-
cal nanopore, determining the DNA sequence by meas-
uring changes in ion currents (Jain et al. 2016). SMRT
sequencing measures light emissions from fluorescently
labeled nucleotides as they are incorporated into DNA
(Roberts et al. 2013). Both sequence DNA in real time
and provide single-nucleotide resolution. Limitations to
broader application of long-read technologies include the
higher relative cost, lower throughput and high error rate
(Pollard et al. 2018). These technologies, however, are
rapidly improving and are expected to play a pivotal role
in DNA sequencing.

Optical mapping is another method that may be used
for high-resolution evaluation of structural variation. Dur-
ing optical mapping, long segments of intact genomic
DNA are directly imaged. This has been commercialized
as the Bionano Saphyr (Bionano optical mapping, BOM)
(Mak et al. 2016). The BOM method relies on ultra-high
molecular weight DNA which is fluorescently labelled at
specific sites. The DNA is converted into single strands,
pulled through nanochannels, and imaged. Bioinformat-
ics algorithms then create a structural map of the entire
genome (essentially a de novo genome assembly), from
which SVs may be detected. BOM has been used success-
fully for detection of several genetic disorders, but not
yet for diagnosis of hereditary hearing loss (Chen et al.
2020). This technique has a high sensitivity for detection
of SVs across the entire genome but is currently expen-
sive (hundreds or thousands of dollars per sample). In
addition, it relies on ultra-high molecular weight DNA,
which typically must be isolated separately from stand-
ard DNA extraction methods. Therefore, this assay would

typically fall outside of a standard molecular diagnostics
workflow.

Comparison of CNV calling methods

Each of the methods described for detection of SVs in hear-
ing loss genes have strengths and weaknesses with regards to
workflow and provide a different spatial resolution for detec-
tion of SVs (Table 1). To demonstrate the different types of
data provided by these methods, we performed evaluation
of the STRC-pSTRC region on a single sample using four
different techniques described here and the data is presented
in Fig. 2. As described above, no method is perfect for detec-
tion of CNVs and Fig. 2 illustrates gaps in even the newest,
most expensive technologies (NGS and BOM) at detecting
CNVs. An understanding of the technical limitations of the
methods used for detection of SVs is required for accurate
interpretation of results.

Hearing loss genes affected by CNVs

NSHL displays extreme genetic and phenotypic heterogene-
ity, making diagnosis difficult. Approximately 70-80% of
cases of NSHL are inherited in an autosomal recessive mode
of inheritance, 20% as autosomal dominant, 1% as X-linked
and < 1% as mitochondrial (Smith et al. 2005). The differ-
ent types of NSHL are classified by both the affected gene
and associated genomic locus. These loci are categorized by
mode of inheritance (DFNA: autosomal dominant, DFNB:
autosomal recessive, DFNX: X-linked) and numbered by
order of discovery. The distinct phenotypic characteristics
of a studied population and the different analytical meth-
ods used results in a high variability in reported diagnostic
yields. Higher rates of diagnosis are shown in individuals
with a family history of hearing loss, congenital hearing
loss, or bilateral hearing loss cases (Sommen et al. 2016). In
addition, methods that include CNV detection have a higher
diagnostic yield than methods limited to SNV and indel
detection alone (Bademci et al. 2014). To date, pathogenic
CNVs in 29 genes, 15% of all known NSHL genes, have
been identified (Table 2). The genes most commonly associ-
ated with HL include STRC (DFNB16), OTOA (DFNB22),
and GJB2/GJB6 (DFNB1).

STRC

The DFNB16 locus on chromosome 15q15.3 encompasses
the STRC gene, the most common cause of mild to moder-
ate HL in several populations. Biallelic mutations in STRC
account for 5.5-14% of cases of genetic hearing loss, with a
greater incidence in specific populations (Lahbib et al. 2019;
Sommen et al. 2016; Sloan-Heggen et al. 2016; Moteki et al.
2016; Markové et al. 2018). The gene encodes stereocilin, a
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Table 1 Techniques for evaluation of structural variants (SV) in known hearing loss genes

Technique Cost Resolution Separate assay? Strengths Weaknesses
MLPA $ Low Yes Commercially available probe- Resolution limited by probe design,
set, low cost time-consuming hybridization

protocol, separate assay from
SNV evaluation

ddPCR/Qpcr $ Mid Yes Highly adaptable, low cost Limited by regions targetable by
PCR, separate assay from SNV
evaluation

Microarray (array-CGH/SNP $$ Mid Yes Genome-wide CNV evaluation Low spatial representation of cer-

array) tain regions of the genome
SV calling from targeted panel or  $$* High No Can be integrated into SNV Analysis methods vary widely,

workflow (single assay) regions of high homology will

be difficult to analyze, may be
dependent on large numbers of
samples evaluated simultaneously

(read depth approach)

exome sequencing data

$$$* High resolution, can be integrated
into SNV workflow (single

assay), genome-wide CNV

Regions of high homology will
be difficult to analyze, may be
dependent on large numbers of

SV calling from short-read
genome sequencing data

Very high No

evaluation samples evaluated simultaneously
(read depth approach)
Long-read DNA sequencing $$$* Highest No High resolution Cost, may be separate assay
Oxford Bionano optical mapping  $$$  Highest Yes High resolution Cost, separate assay that requires

specific DNA extraction method

*If included as part of workflow, there is minimal additional cost for bioinformatics analysis of SVs
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Fig.2 Structural variant calling using four different methods on
the same sample to detect variants in the STRC-pSTRC region on
chr15q15.3. This individual has hearing loss due to a large hemizy-
gous deletion of the region on one allele and a pSTRC-STRC gene
conversion event on the other allele. Analysis shown here includes:

protein that contributes to ciliary motility of outer hair cells
in the inner ear. Stereocilin is essential in the formation of
top connectors, which maintain longitudinal stiffness of ste-
reocilia during mechanical transduction (Verpy et al. 2011).
STRC is involved in a tandem duplication on chromosome
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MLPA with probes (purple) covering STRC and CATSPER2, Bionano
Saphyr optical mapping, and the read depth calling method on both
WES and WGS (short read). Read coverage for WES and WGS are
also shown

15 with three other genes—CATSPER2, HISPPD2A, and
CKMTIA. The duplicated region contains CKMTIB, a
functional homologue of CKMTIA, as well as pseudogenes
pPPIP5K1, pCATSPER?2 and pSTRC, all nonfunctional due
to inactivating mutations (Knijnenburg et al. 2009). pSTRC



Human Genetics

SI8SHH9T
‘T0L0008T ‘0£99680€ ‘9¥689C0€ “TSEEI6YT sad
‘C689L9TT “TLELYTOT “STRSVTYT “TLTEVHLI uond[ep ST [enred uonaEq YANAQ THSNYV  #V9ZOTS
TSEE961C uono[ep JudS [ented uonaE( 164NAQ THSNYAV  99NId¥AS
S0L9866T uono[ep Juds [ented uona[e( YCANAQ THSNAV Xay
L6¥9SSHT uoT_[eP SUAT AOYM uonae( STVNAQ THSNAY — £4#10d
S610099T ‘9€9167ST “T888990C suorgor Krojengor
‘PSTOE66T ‘T97CL8S ‘8TTSIEIT ‘€80TIHT weonsdn Jo sJUSWSUBLIESI PUE SUONS[A(]  SIUSWIOSURLIEAT XO[dWOD ‘Uonafa( EXNAA THSNTIX  £1£N0d
TSEEI6YT uoneoridnp auas [enreq uoneordn 0LANAA THSNAVY LLdNd
LLSYPELT *9T€6969C HSN
‘LETYTTIT “LELLLTLT “06¥6L99T ‘Y668€S0C  uonedtidnp duds [ented ‘uone[op auos [enied uonedrdnp ‘uona( €TANAA THSNYV  STHAOd
€6¥1120C uonR[Op oUS3 [EnIEd uonae( 64NAd THSNYV 4010
ST8SYPIT “TISLYLTE “PILTOVES
‘€P0T89TE ‘STSLTSTE “61LYOTTE ‘SOLIBO6T
‘SF9T0S8T ‘10L0008T “6LS890LT ‘9TE6969C UOISIoAUO0D duagopnasd ‘uonesridnp
‘LETYTTIT “9STTI0ST “TSEEI6YT ‘688861 oua3 [ened ‘UonA[Op SUSS JOYM 10 [ENIE]  UOISIOAUOD ‘UonedIidnp ‘uonofa( TeaNAd THSNYV VO10
HSN
THSNAV
LEGY6STE “160T8E6 uond[ap duas [enIed uonded  [TVNAQ ¢aNAd THSNYV VLOAW
GSPSBLIE “TSEEI6PT  UonedIdnp SUST SOy ‘UONIJAP SUAT [enTed uonedrdnp ‘uonep@  ZTVNAA LEANAA THSNAV THSNYV 90AW
uorneordnp
9TE6969T TSEEI6YT 0TIP8TYT QoS [ented ‘Uona[op dues S[oyM pue [enIed uonedrdnp ‘uonefa( LIVNAQ THSNAV 6HAW
SLSL6SES uonA[Ap SUSS [ENIEd uonae( 6PANAA THSNAV  CATAAIVIN
T9SLYLTE UonA[Ap SUSS [ENIEd uonae( LLANAQ THSNIV ~ THAXOT
L£995$+9T uond[ep SUAT AOYA uonae( 8TYNAA THSNAV ZTHYD
9€608+LT ‘0¥STI08T
‘9T€6969¢ ‘98179C ‘61TYLLYT ‘TH#E0TLYT
‘L9TO0LET “P10SOV8T ‘LET6Y6ST ‘90PLOTTE uond[ap
‘TSEEI6YT “PH9I899TT “8FTLOSTT ‘8S#9681T  Arorengar wreansdn pue ‘ouas o[oym ‘[enreq uonae( EVNAQ TANAA THSNAV THSNYV 94ro
6085656T UOTId[Op UOISAI
‘9E9T6HST ‘T188766ST ‘8T1T9ETOT ‘65910161 AtorenFor weansdn pue ousg ojoym ‘[erireq uonae( EVNAQ T9NAd  THSNAV THSNIV z4aro
uono[ap uordar A1oyern3ar weansdn
90FLOTTE “TSEEI6YT “PP9SELST  ‘uonedidnp ouds [enied ‘uonofep duds [enied uonearidnp ‘uonea 0TVNAA THSNAV PVAA
089¥820€ uonaep [ented uond[pq 88N THSNIV  £AOWTT
STLILLG UONIOSUI [[EWIS PUE UOUS[Op 95IeT] xarduiop SYNAA THSNAV SYNAA
YTTTII6e uond[ep ST [enIed uonape( SYANAA THSNYV zq1D
HSN
S0L9866C uonedrdnp [enreq uonedrdngg TIANAd THSNYV ETHAD
1 pawqng uondrosep AND sadKy AND SNoo] THSN adKjouayg Quan

soua3 sso] Surreay umouy ul (sAND) siuerrea oquinu Adood oruadoyied pajrodar A[snoiadld g ajqelr

pringer

A's



Human Genetics

$SO[ SULIBAY JTWOIPUAS-UOU POUI[-X THSNTX ‘OUWOIPULS I9YS() FS/] ‘OWOIPUAS WERIJOM S ‘OWOIPUAS PAIPUS] SJ ‘OWOIPULS
AnIagur ssoujedp §7q ‘(ANAJ POULI) oI 100]) SSO[ SULIEay JIWOIPUAS-UOU JAISSIOA [BWOSOINE THSNYY ‘(VNAQ PAWId) d1e [90]) $SO SULIBIY OIWOIPUAS-UOU JUBUIWIOP [BWOSOINE THSNJV

(810 'Te 32 OIYSIN) 9[qe} STY} UT PIPN]OUT JOU aIe SAND) 959U} OS PUB PAqLIOSIP JOU SEM SAND 59U} JO
Kyomadoyred ay3 Ing (8107) ‘T 32 OIYSIN UI paynuapl suonedrdnp pue suornoop audd yim sauad o[dnnur a1om a1y} 1ey) AoN "(£007) T 10 1e3uens woij papuedxe pue pajdepe sem 9[qe) sIy],

Sdm
TSEE96YC ‘TerLLTST  uonedrdnp oudg [enited ‘uonofep duds [enred uonedridnp ‘uonera YI/9VNAA THSNAV [SAM
SEE961T uond[ep SUAT AOYA uonseg 8CANIA THSNAV d40141
COSLYLTE uopnosur
‘€889T0T€ ‘9TE6969C ‘TSEEIGYT “666LETT  QMNI[RILSOINW Xd[dW0d ‘UONI[AP QUT [erred xa[dwos ‘uonaPg 01/8dNdd THSNIV  ESS4INL
€9¢8ETIE THSNAV
‘9T€6969CT “TSEEI6YT ‘€L6LSI6T “8190SST T uona[op QUL [enIed uonsped 9¢VNAA I1/LNAd THSNIV IONL
9162090¢ Quas amuo jo uonesrdnp pajoaur wopue], uoneardng ISVNAd THSNAV dfll
THSNAV
(485721 uond[ep JUAT [enIed uonsfed  TI/8VNAA 1TdNAd THSNAV VILOAL
ST8S¥Y9T ‘TOLO00ST ‘TISLYLTE
‘PTSTSSTE “1S88ITIE ‘89LISOE “SOLIS66T
‘608S6S6C “890STY6T ‘I¥Y6£E6T “TSLIGT6T
‘018¥868T ‘9£608¥LT ‘OET69YLT ‘6LS890LT uoIs12AU00 auagopnoasd ‘uon
‘9T€6969T LETITTIT ‘O¥9ITT109T ‘9STTI0ST -eor[dnp QUAF [0 ‘UONI[P SUAT A[OYm S1d
‘G99€C8YT “TSEEI6TT ‘888860LT “TOSLYITT pue sjuewd[o A1oje[ngar wreansdn ‘enied  uorseAuod ‘uoyedrdnp ‘uonaRq 9TdNAd THSNYV JYLS
1 pawqng uondrosep AND sadKy AND SNoo] THSN adKyouayqg Juan

(Ponunuod) z3jqer

pringer

Qs



Human Genetics

has 98.9% genomic and 99.6% coding sequence homology
with STRC, with the first 15 exons being 100% identical
(Freitas et al. 2014; Lahbib et al. 2019). The majority of
STRC-associated HL is associated with CNV events, includ-
ing promoter, partial, whole and multi gene deletions, as
well as gene-pseudogene conversions (Shearer et al. 2014;
Sloan-Heggen et al. 2016; Moteki et al. 2016; Baux et al.
2017). A multigene deletion that encompasses both STRC
and CATSPER2, which encodes a protein required for sperm
motility, results in the deafness infertility syndrome.

OTOA

The DFNB22 locus on chromosome 16p12.2 encompasses
OTOA which encodes otoancorin, a 120-kda glycoprotein
expressed exclusively in the inner ear that contributes to
the attachment of acellular gels to the apical surface of sen-
sory epithelia in the inner ear for the maintenance of proper
conditions of inner hair cells (Zwaenepoel et al. 2002). The
region encompassing OTOA on chromosome 16 includes
several LCRs (BP1, BP2, and BP3), increasing the likeli-
hood of NAHR events, suggesting this region may be a CNV
hotspot (Tassano et al. 2019). OTOA is the second most com-
mon gene associated with CN'Vs after STRC (Shearer et al.
2014; Sugiyama et al. 2019). CNVs in this gene, including
partial and whole gene deletions, have been associated with
progressive, mid-frequency, mild to profound hearing loss
in several populations, ranging from congenital to child-
hood deafness (Sugiyama et al. 2019; Bademci et al. 2014;
Alkowari et al. 2017; Ramzan et al. 2020). A pseudogene,
OTOAPI1, located 820 kb downstream of OTOA, has 99%
sequence similarity with exons 22-28 of the gene. Pseudo-
gene mediated gene conversions of OTOA that introduce
a premature stop codon in exon 22 (p.Glu 787) have been
reported as a cause of DFNB22, most likely through non-
allelic homologous double recombination and double strand
break repair mediated gene conversion events (Laurent et al.
2021).

GJB2/GJB6

The DFNBI1 locus on chromosome 13q12 was the first
mapped gene locus associated with ARNSHL and accounts
for up to 50% of cases of genetic hearing loss in some popu-
lations. Mutations at the DFNB1 locus are the most com-
mon cause of severe to profound hearing loss worldwide as
well as the second most common cause of mild to moderate
hearing loss, after STRC (Sloan-Heggen et al. 2016; Mehta
et al. 2016). DFNBI1 includes the gene GJB2 (Gap Junc-
tion Protein Beta 2) which encodes the 26 kDa Connexin
26 Transmembrane Protein (Cx26), involved in intercel-
lular gap formation and potassium homeostasis necessary
for endocochlear potential generation (Tayoun et al. 2016).

Large genomic deletions may occur upstream of GJB2 and
may involve the gene GJB6. The GJB6 (Gap Junction Beta
Protein 6) gene is located 35 kb upstream of GJB2, and
encodes Connexin 30 Transmembrane protein (Cx30) and
cis-regulatory elements that affect G/B2 expression. The
309 kb GJB6 deletion (del GIB6-D13S1830) is the most
frequent pre-lingual hearing impairment in the Hispanic
population and second most prevalent in Spain with high
frequencies of this deletion found in Brazil, France, Czech
Republic, Russia and Argentina (Varga et al. 2014; Pandya
et al. 2020). del GIB6-D13S1830 deletes the first five exons
of GJB6 and extends distally but keeps GJB2 intact (Castillo
et al. 2002). A similar smaller 232 kb deletion (del (GIB6-
D13S1854) has been shown in high frequency in Spain and
the UK (Castillo et al. 2005). Other reported CNVs include
a 131 kb deletion telomeric to G/B2 and GJB6 reducing
mRNA expression of both genes, a 101 Kb deletion in GJIB2
(del GIB2-13S175) found in Russia among people of Ingush
ancestry, a 179.4 kb deletion with undefined breakpoints
detected by ddPCR, and a heterozygous 8 kb deletion in
GIJB2 encompassing the upstream regulatory region of GJB2
(Tayoun et al. 2016; Rehman et al. 2015; Wilch et al. 2010;
Bliznetz et al. 2017; Abe et al. 2018). In 8-30% of patients
with a heterozygous mutation found in the DFNBI1 locus,
another variant is not detected. Comparing heterozygous
mutation frequencies in the deaf population with those in
the normal hearing population shows a higher monoallelic
mutation rate in the deaf population, suggesting that most
have DFNB1-related deafness with an undetected deletion
and are not incidental carriers of GJB2 variants (Tayoun
et al. 2016).

Conclusion

A better understanding of the prevalence, mechanisms,
and detection of SVs is critical to improving our ability to
understand the pathogenic mechanisms of genetic hearing
loss. With newly available technologies, we are only now
understanding the large contribution of these complicated
mutations to human hearing loss. SVs, and CNVs in par-
ticular, contribute to up to 20% of genetic diagnoses and
have been identified in 29 different NSHL genes. Deletions
are the most common pathogenic mechanism, and the most
commonly involved genes are STRC, OTOA, and GJB2.
Duplications are more rarely reported and the pathogenic-
ity of duplications is often difficult to determine.

While some consensus has emerged with regards to use
of comprehensive genetic testing for hearing loss with NGS
(either ES or targeted panels), there is not yet consensus
on an optimal workflow for evaluation of possible patho-
genic CNVs in these genes. Methods for CNV detection vary
by laboratory and include separate ddPCR testing (Rentas
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and Abou 2021), separate microarray testing (Guan et al.
2018), ES bioinformatics analysis (Wang et al. 2021; Zazo
Seco et al. 2017), and targeted NGS bioinformatics analysis
(Sloan-Heggen et al. 2016). There are clearly differences
between the methods and the best method for incorporation
varies by laboratory (Table 1). Regardless of the method
used, it is critical to evaluate for CNVs in genetic hearing
loss. In particular, a significant proportion of genetic mild/
moderate hearing loss is due to pathogenic CNVs because
GJB2, STRC, and OTOA are frequent causes of this type
of hearing loss and all three genes are commonly involve
pathogenic CNVs (Yokota et al. 2019).

New technologies such as GS, long-read sequencing, and
optical mapping of the genome will continue to expand our
understanding of the contribution of SVs to genetic human
hearing loss. These advances, and improved diagnosis, will
lay the groundwork for future molecular therapies for hear-
ing loss, given that gene replacement strategies make genes
affected by CNVs a prime target for therapeutics.
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