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Abstract

Objective: To explore the future potential of genetic screening to detect newborns at risk of childhood-onset hearing loss. Design: An expert led discussion of current and future
developments in genetic technology and the knowledge base of genetic hearing loss to determine the viability of genetic screening and the implications for screening policy. Results
and Discussion: Despite increasing pressure to adopt genetic technologies, a major barrier for genetic screening in hearing loss is the uncertain clinical significance of the identified
mutations and their interactions. Only when a reliable estimate of the future risk of hearing loss can be made at a reasonable cost, will genetic screening become viable. Given the
speed of technological advancement this may be within the next 10 years. Decision-makers should start to consider how genetic screening could augment current screening pro-
grammes as well as the associated data processing and storage requirements. Conclusion: In the interim, we suggest that decision makers consider the benefits of (1) genetically testing
all newborns and children with hearing loss, to determine aetiology and to increase knowledge of the genetic causes of hearing loss, and (2) consider screening pregnant women for

the m.1555A> G mutation to reduce the risk of aminoglycoside antibiotic-associated hearing loss.
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Congenital hearing loss is the most common birth defect in devel-
oped countries and the most prevalent sensorineural disorder
(Hilgert et al, 2009). Permanent childhood hearing impairment of
a moderate or greater degree (i.e. detection thresholds =40 deci-
bels hearing level averaged across 0.5, 1, 2 and 4 kHz) is present
at birth in about 1.6 per 1000 live births, of which approximately
1.0 in 1000 are bilateral impairments and 0.6 in 1000 are unilat-
eral impairments (NHS Newborn Hearing Screening Programme,
2011; Bamford et al, 2007). However, studies have shown that the
prevalence of permanent childhood hearing impairment continues
to increase through infancy, and by the school entry hearing screen
(4-5 years of age) possibly affects 3.5 per 1000 children (Bamford
et al, 2007). Causes of childhood-onset hearing loss may be either
genetic or acquired.

It is estimated that at least two thirds of cases of childhood-onset
hearing loss have a genetic cause (Hilgert et al, 2009), with the
remaining third caused by environmental factors e.g. cytomegalovi-
rus infection, meningitis, acquired conductive loss, and the impact of
extracorporeal membrane oxygenation (ECMO). Interest in genetic

screening for hearing loss is increasing (Wu et al, 2011). The ratio-
nale for screening babies to identify the risk of future hearing loss
from a genetic cause, is to prepare the family and child, enabling
them to consider use of parallel communication strategies in advance
of hearing deterioration (albeit that the uncertainty of future hearing
loss may limit the numbers prepared to adopt this approach), and
ultimately may enable interventions to be tailored to specific causes
of hearing loss. Genetic screening could also have a role in identify-
ing newborns with hearing loss too mild to be detected with current
screening programmes. Genetic screening for a specific mitochon-
drial mutation during pregnancy could offer a strategy of minimizing
hearing loss in babies from exposure to avoidable risk factors such
as neonatal use of aminoglycoside antibiotics.

Since March 2006, all babies in England have been offered
hearing screening through the NHS Newborn Hearing Screening
Programme. Within 4-5 weeks of birth the automated otoacoustic
emission test is carried out to identify moderate, severe, and pro-
found hearing impairment. If the test does not show a clear response,
the automated otoacoustic emission test may be repeated, or the
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Abbreviations

DNA Deoxyribonucleic acid

NGS Next generation sequencing
NHS National Health Service

PCR Polymerase chain reaction

SNPs Single nucleotide polymorphisms
TSC Targeted sequence capture

baby will have an automated auditory brainstem response screening
test which records brain activity in response to sounds. In England,
approximately 2% of babies screened are subsequently referred for
full diagnostic assessment involving tympanometry and further audi-
tory brainstem response testing (NHS Newborn Hearing Screening
Programme, 2011).

Between March 2006 when the NHS Newborn Hearing Screen-
ing Programme commenced and June 2011, more than 7300 babies
with permanent childhood hearing impairment were identified. On
average, of the 690 000 babies who are screened each year, around
1100 babies (1.6 per 1000 births) are found to have permanent child-
hood hearing impairment at birth (NHS Newborn Hearing Screening
Programme, 2011). Around 90% of babies who are identified with
hearing loss are born into families with no history of the disorder.

Children who have a clear response to the newborn hearing screen-
ing tests (around 93%) are not generally retested again until they
receive the school entry hearing screen (age 4-5). In the UK, 3.5 per
1000 children have permanent hearing impairment at school screen
age, indicating for example in the birth cohort for 2010, in addition
to the 1100 babies identified at birth, a further 1300 children (1.9 per
1000 live births) require identification after the newborn screen
(Bamford et al, 2007). It is not clear however, what proportion of the
1.9 per 1000 births are accounted for by, (1) babies who initially passed
the screen but in whom the losses present in the newborn period were
too mild to be detected by the current newborn hearing screen; (2) true
false negatives, i.e. cases with the target condition that were missed
by the screen, and (3) cases of acquired hearing loss, whether with
an underlying genetic cause i.e. genetic predisposition to hearing loss
following aminoglycoside exposure, or a non-genetic cause. Within
the 1.9 per 1000 births, there will also be programme false negatives,
e.g. children with hearing loss who did not have a newborn hearing
screen (although acceptance rates for newborn screening are generally
high). The actual number of children therefore with childhood-onset
hearing loss that could be expected to be identified as being at risk by
genetic screening may only be around 60-70% of the 1300 children
requiring identification after the newborn screen. Other countries have
different experiences and the ‘gap’ may be smaller or larger.

Hearing impairment in an infant can have dramatic effects on
language and educational progress. There is debate however, about
the benefits of identification at an early age. Some evidence has
shown that with early intervention and support, including cochlear
implants for severe to profound hearing loss and hearing aids for
mild to moderate hearing loss, a proportion of children can develop
language within the range of normal hearing peers (Ching, 2012).
If childhood-onset hearing loss ensues postlingually, interventions
may have less impact.

Rationale for the review

The pressure to use genetic technology is growing in many areas of
medicine (particularly in cancer and haematology). In some complex
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disorders, however, there appears to be misalignment between the pace
at which information is being generated (aided by the rapid techno-
logical advances in genetic testing capabilities in the research setting)
and the knowledge required to interpret the clinical significance of this
information. In this paper the current knowledge on the genetics of
hearing loss is considered along with the technological developments
on the horizon to determine whether at some point in the future the
convergence between these two factors will allow genetic screening
in newborns to detect the likelihood of childhood-onset hearing loss to
become a viable prospect that decision makers will need to address.

Genetic inheritance of hearing loss

Of the children who develop childhood-onset hearing loss with a
genetic basis, the majority (around 70%) are non-syndromic, i.e.
have no associated visible abnormalities of the external ear or any
related medical problems other than hearing impairment, and arise
predominantly from mutations inherited in an autosomal recessive
pattern (Van Camp et al, 1997). In less than 1% of cases, inheritance
is either X-linked (affecting predominantly males), or mitochondrial
(Cryns & Van Camp, 2004). Even in cases of syndromic hearing
loss, symptoms may not always be apparent at birth.

Unlike in some conditions where a common mutation in just one
gene is responsible for the majority of cases (e.g. the deltaF508 dele-
tion of three nucleotides in the CFTR gene in cystic fibrosis), hearing
loss is genetically very heterogeneous involving mutations in many
genes (Van Camp et al, 1997). It is therefore not possible to predict
the risk of developing hearing loss from assessing a single or even
a selection of the genes that have currently been identified.

The most frequent causative genes that have been identified in
autosomal recessive non-syndromic hearing loss (ARNSHL), in
order of frequency are GJB2, SLC26A44, MYO154, OTOF, CDH23,
and TMC1 (Hilgert et al, 2009; Hutchin et al, 2005). For each of these
genes, at least 20 mutations have been reported (see Table 1). GJB2,
which encodes the gap junction protein connexin 26 regulating the
passage of ions in and out of cells, is the most frequently reported
gene involved in genetic hearing loss, yet still only accounts for a
maximum of 10-20% of cases of childhood hearing loss in north-
ern European populations (Hutchin et al, 2005). It is often claimed
that mutations in GJB2 account for over 50% of cases of recessive
genetic non-syndromic hearing loss, but this figure is misleading as
it is dependent on the denominator used and the population it refers
to. For example, mutations in GJB2 occur at a frequency of 50%
in families with two or more siblings with hearing loss in Mediter-
ranean countries such as Spain or Italy, but then drops to 30% in
families with siblings with hearing loss in Northern Europe and then
to 10-20% in families with one child with hearing loss (Lench et al,
1998; Zelante et al, 1997; Hutchin et al, 2005).

GJB2 is a small gene containing a single coding exon, but over
300 different mutations have been reported (Human Gene Mutation
Database: www.hgmd.org). Specific mutations however, are more
common in certain populations e.g. deletion of a G nucleotide at
position 35 (c.35delG) is carried by 2-3% of the white population
(Green et al, 1999), while the ¢.235delC mutation is common in
Asian populations. Onset of hearing loss caused by mutations in
GJB? is nearly always pre-lingual, but not necessarily congenital.
It is therefore possible that hearing may be normal at birth and then
deteriorate rapidly during the first few months of life, although this
is rare (Bitner-Glindzicz, 2002).

Mutations in the pendrin gene SLC26A44 are the second most
frequent cause of ARNSHL, accounting for up to 3.5% of cases
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Table 1. Most common genes associated with autosomal recessive non-syndromic hearing loss and numbers of reported mutations per gene

(adapted from Hilgert et al, 2009).

No. mutations

No. mutations

Gene Associated protein anomaly worldwide in Caucasians' Function in hearing process Severity of hearing loss

GJB2 Connexin 26 >220 >150 Ion homeostasis Mild to profound

SLC2644 Pendrin (also associated with 44 18 Ion homeostasis Moderate to profound
syndromic Pendred syndrome)

MYOI154 Myosin XVA 28 0 Hair bundle motor protein Profound

OTOF Otoferlin 26 17 Exocytosis at auditory Severe to profound

ribbon synapse

CDH23 Cadherin-23 (also associated with 21 12 Hair bundle adhesion protein Moderate to profound
syndromic Usher syndrome type 1D)

T™C1 Transmembrane channel-like protein 20 1 Transmembrane protein Severe to profound

Defined by Hilgert et al, 2009 as populations of white European ancestry (Europe, North America, Canada, Australia, and New Zealand). They acknowledge

this term does not recognize a specific ethnic subgroup.

(Hutchin et al, 2005). SLC26A44, which codes for an anion transport
protein, also underlies Pendred syndrome, which is one of the most
common forms of syndromic hearing loss. It is under-diagnosed as
it is characterized by late-onset thyroid symptoms and appears non-
syndromic during childhood (Gardener et al, 2006). Beyond GJB2
and SLC2644, the frequency of mutations in other genes involved
in hearing loss is uncertain (Kothiyal et al, 2010), most having been
described in small studies and large families.

As of January 2012, mutations in 68 genes for non-syndromic
hearing loss had been identified and 35 in more ‘common’ forms of
syndromic hearing loss. A further seven non-syndromic, and four
syndromic gene mutations have been identified within mitochondrial
DNA (Hereditary Hearing Loss Homepage: http://hereditaryhearing-
loss.org). Maternally-inherited hearing impairment due to mutations
in the mitochondrial genome appears to be a rare cause of prelin-
gual hearing loss, but the most common mitochondrial mutation,
m.1555A> G, can predispose to irreversible hearing loss resulting
from aminoglycoside exposure (Hutchin et al, 1993).

It is anticipated that over 500 genes, some containing hundreds
of mutations, are likely to be involved in causing hearing loss and
there is the added complication that the disorder could also result
from interactions between several genes. For example, some peo-
ple will have mutations in one gene but not necessarily experience
hearing loss unless they also have another mutation in a different
gene. Sometimes different mutations within the same gene can result
in either dominant or recessive inheritance, further increasing the
genetic complexity of this disorder (Rodriguez-Paris et al, 2010).
Inevitably, this will make it difficult to determine whether a newborn
will develop hearing loss, especially if novel mutations are present
in a young asymptomatic child.

Analysis of mutations

The two main techniques currently used to analyse the presence
of mutations in the genes involved in hearing loss are direct DNA
sequencing, which identifies all mutations present in a gene, and
hybridization-based techniques (using microarrays/chips), which
identify selected mutations in a gene.

Direct sequencing

Direct (or full) sequencing involves sequentially determining the
order of nucleotide bases in a strand of DNA typically produced
by the polymerase chain reaction (a PCR “amplicon”). Mutations

are identified by comparison of the patient’s DNA sequence with a
reference sequence. It is the reference (gold) standard of mutation
detection as almost all types of mutations can be detected (except
partial or full gene deletions). Non-coding regions of genes are not
usually sequenced and so only coding region mutations, or those
close by (e.g. in splice sites) are detected. The Sanger chain ter-
mination or dideoxy sequencing technique has remained the most
commonly used direct sequencing method to date (see Table 4 for
details of the technique), however it is expensive, time consum-
ing, and labour intensive and is not well suited for multigene analy-
sis (Gardener et al, 2006; Metzker, 2005). The diagnostic process
can take several months to fully sequence large genes. In the last
few years, the Sanger method has been partially superseded by
next generation sequencing (NGS), also called massively parallel
sequencing, which retains the ability to fully sequence genes, but
offers dramatic increases in cost-effective sequence throughput, and
as such is poised to emerge as the dominant technology in genom-
ics research (see section on future developments, and Table 4)
(Morozova & Marra, 2008; Biesecker, 2010; Ng et al, 2010).

Hybridization mutation chips

In contrast to direct sequencing, DNA chips hybridize sample DNA
(the patient’s) to short sequences of reference DNA (oligonucle-
otides) containing known specific mutations in genes (usually sin-
gle nucleotide polymorphisms (SNPs), or insertions or deletions)
attached to a microarray. While this technology cannot identify all
mutations, it can simultaneously analyse in parallel many mutations
in several genes in a single experiment. These multigene mutation
chips are therefore cheaper and faster than direct sequencing, but are
generally less sensitive and accurate and will miss mutations that
have not previously been described and included on the chip.

Current state of genetic testing for hearing loss

While it is possible using currently available technology to deter-
mine if an asymptomatic newborn has a mutation in the genes known
to be implicated in hearing loss, it is not always possible to say
with any certainty for all of these genes if that person will go on
to experience hearing loss in the future. Molecular genetic testing
in the United Kingdom (UK) is therefore restricted to patients with
known hearing loss in order to establish the cause. There are a lim-
ited number of centres in the UK that provide such genetic testing
facilities, giving rise to geographical variation in services. Current



UK health service recommendations are to fully sequence GJB2 in
neonates with hearing loss and whose parents consent, and SLC2644
in patients with suspected Pendred syndrome, or enlarged vestibu-
lar aqueducts. However, this is not always offered, and many other
rarer genes associated with hearing loss are not tested. Full direct
sequencing, as opposed to specific mutation analysis is necessary
due to the large number of mutations in GJB2, and ethnic diversity
in the UK.

Genetic population screening for hearing loss

If the technology is available to determine if a newborn has a genetic
mutation linked with hearing loss, could population genetic screen-
ing of newborns to detect future hearing loss be an impending possi-
bility? In recent years, population based screening has been proposed
as one of the major strategies for translating advances in genetic
knowledge and associated technologies into population health gains
(Khoury et al, 2003). However, there are multiple issues regard-
ing the clinical validity, utility, acceptability, feasibility, and equity
in access to these genetic screening programmes to be considered
before they can be implemented.

The use of criteria to appraise screening programmes and to guide
policy decisions is a widely accepted practice in the field of pub-
lic health. In 1968, Wilson and Junger developed the first criteria
for the assessment of proposed screening programmes (Wilson &
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Junger, 1968). The application and appropriateness of these criteria
to genetic screening has been challenged (Goel, 2001; Ross, 2006;
Dhondt, 2007). In response, Andermann and colleagues carried out
an extensive review of the screening criteria literature and consulted
stakeholders to produce a decision support guide for genetic screen-
ing policy-making (Andermann et al, 2011). The 20 decision sup-
port criteria proposed by Andermann et al includes modified Wilson
and Junger criteria and emerging criteria (Table 2). For a screening
programme for genetic risk to be implemented, all of these criteria
would need to be considered, but of these, criteria 13-20 are the
most pertinent to this paper where the technological developments
on the horizon are considered.

Criteria 19, ‘there should be a suitable screening test” is unsurpris-
ingly a key criterion. A shift from genetic testing of infants already
known to have hearing loss to genetic screening in all newborns to
identify those likely to develop hearing loss in the future, requires
not only significant advances in technology with unit cost reduction,
but also in the knowledge of the genetic basis of hearing loss.

Selective gene/mutation screening

SPECIFIC MUTATIONS WITHIN A LIMITED SELECTION OF GENES
Despite the large number of mutations in many genes that contribute
to hearing loss, it has been proposed that it may be useful to select
‘hotspot’ mutations in frequently implicated genes such as GJB2

Table 2. Decision support criteria for genetic screening programmes (Andermann et al, 2011, with permission from S. Karger, Basel).

Programme management level
Established regulations

1. The overall benefits of screening should outweigh the potential harms, including psychological, physical and social harms.
2. There should be promotion of human rights, including upholding the principles of equality, autonomy, and confidentiality.
3. Consumers should be included in screening policy-making, and family members should be implicated in the screening process.

4. Screening should be a continuing and not a “once and for all” project.

5. There should be an education programme in place from the outset of the programme and individual risk counselling should be available throughout the

screening process.

6. There should be a separate consent process for research that differs from the consent for clinical purposes.

Manage resources

7. The need for screening, the goals and objectives, the roles and responsibilities, and the financing required should be defined from the outset.
8. The infrastructure for screening, including education, testing, clinical services and programme management, should be in place before the start of the

programme.
Organize services

9. There should be an integrated screening programme that incorporates the education, testing, clinical services, and programme management levels.

Measure outcomes and ensure quality control

10. There should be scientific evidence of screening programme effectiveness.

11. Economic evaluations should add to evidence favouring of screening, but should not be the sole criterion for deciding whether or not to offer

screening.

12. There should be quality assurance incorporated at all levels of the screening programme, and ongoing programme evaluation should be planned from

the outset.
Clinical services level
Establish screening type, health problem of interest, and target population

13. The condition sought should be a common and/or serious health problem.

14. The natural history of the condition and of gene carriers should be adequately understood.
15. There should be a recognizable early symptomatic stage, latent stage, or increased level of genetic risk.

16. There should be a defined target population.
Establish proposed intervention

17. There should be an accepted intervention (e.g. prevention, treatment, family planning) that forms part of a coherent management strategy.

18. There should be an agreed policy on whom to categorize as “screen positive

each group following disclosure of screening results.
Laboratory testing level
Established test parameters
19. There should be a suitable screening test.

LTINS

, “screen negative” and “screen intermediate”, and a defined process for

20. The screening test and the entire screening programme should be acceptable to the target population and to society.
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and SLC26A44 for newborn screening at a population level (Hutchin
et al, 2005; Li et al, 2008; Khoury et al, 2003). SNP mutation chips
capable of identifying a selection of common mutations in a limited
number of genes for syndromic and non-syndromic hearing loss
have been available for the last two to three years (see Table 3). Most
have been developed in the research setting, but several are now
available commercially. They have been developed predominantly
in the USA to complement newborn hearing screening programmes
as a means of following up positive cases to determine the cause of
hearing loss.

The range of chips currently available can identify between
15-300 mutations in 4-31 genes. Most include the genes GJB2 and
SLC26A4 as part of the gene selection, but only incorporate a small
number (around 5-10) of the most common mutations within these
genes. The chips are versatile in that the mutations detected can be
expanded as new mutations are identified by research, or redesigned
to detect common mutations in different ethnic populations. There
are however, many genes associated with hearing loss that are not
represented on these chips. There is a trade off between including
a selection of mutations with the highest frequencies, but not so
many as to make the time to result and the cost of the technology
prohibitive.

Some of the limitations of mutation chips which have restricted
their adoption in the UK include:

1. Hearing loss can result from any number of several hundred
mutations in over potentially 500 genes, therefore the identifi-
cation of mutations in 4-31 genes when they occur in such low
frequency is of limited utility from a diagnostic perspective.

2. The lack of a straightforward link between the presence of a
mutation in a gene implicated in hearing loss and a definitive
diagnosis due to variability in penetrance (the proportion of
individuals with a mutation who exhibit clinical symptoms) and
mutation interactions. Indeed, it is not always necessarily
known if a sequence change is a pathogenic mutation or natu-
ral variation.

3. The knowledge that even chips that have attempted to include
all known mutations, for example the APEX array (Gardener
et al, 2006; Rodriguez-Paris et al, 2010), are of limited use as
it still only reflects a small selection of genes that could poten-
tially be involved in hearing loss. As novel mutations continue
to be discovered that are spread throughout the genome, these
chips quickly become outdated.

4. A lack of identification of mutations by these chips does not
necessarily exclude a genetic cause of hearing loss entirely.

5. Sequencing methods have advanced at such a pace that the role
of SNP mutation chips when compared to direct DNA sequenc-
ing is now questionable.

There may be a case however, for genetic screening of all preg-
nant women for the mitochondrial m.1555A> G mutation. This
point mutation, which is maternally inherited, has a population
prevalence of 1.9 per 1000 (Bitner-Glindzicz et al, 2009) and is
responsible for causing permanent profound hearing loss with a
penetrance close to 100% in carriers following standard therapeutic
doses of aminoglycoside antibiotics. As use of these antibiotics is
restricted to serious infections, the frequency of aminoglycoside
prescribing would have to be taken into account before considering
the benefits of such a screening programme, but increasing antimi-
crobial resistance to newer antibiotics has led to a revived interest in
the use of aminoglycosides (Durante-Mangoni et al, 2009). Hence,
knowledge of the carrier status of m.1555A>G would prompt

Table 3. Mutation chips for hearing loss.

Time to

result

Genes analysed

Genes/ SNPs (mutations)

Mutation chips

<2 days

GJB2; SLC26A44; usherin gene USH2A; mitochondrial gene m12SrRNA

4 genes/15 SNPs

Hearing loss biochip (Murdoch Children’s Institute, Australia).

(selection based on high prevalence in Australia)
Connexin genes (GJB2; GJB3); SLC26A4; mitochondrial gene m12SrRNA

Siemering et al, 2006
Allele specific PCR-based universal array (ASPUA ),

5 hours

4 genes /11 SNPs

China. Li et al, 2008
SoundGene screening panel (Pediatrix Medical Group,

3 days

Connexin genes (GJB2; GJB3); SLC26A4; mitochondrial gene m12SrRNA

4 genes/15 SNPs

2010, USA
Invader array, Japan. Abe et al, 2007

Not reported

mitochondrial genes (m12SrRNA and mtRNA-LeuV"R)
Connexin genes (GJB2; GJB6; GJB3; GJA1); SLC2644 and SLC26A45;

GJB2; SLC26A44; TECTA; EYAl; KCNQ4; COCH; CRYM,

9 genes/41 SNPs

~6 hours

mitochondrial genes (m/2SrRNA and mtRNA-SerVcN)

8 genes/198 SNPs (of which ~90 are
GJB2 mutations)

(APEX array) (Stanford University Medical Center, USA)

Hereditary hearing loss arrayed primer extension microarray
Gardener et al, 2006; Rodriguez-Paris et al, 2010
Array CGC (CGC Genetics, 2010: USA, Portugal, Spain)

3-4 weeks

Connexin genes (GJB2; GJB6; GJB3; GJA1); SLC2644 and SLC26A45;

31 genes/312 SNPs (of which 176 syndromic;

Usher syndrome genes; Branchio-oto-renal syndrome genes; Jervell

136 nonsyndromic)

and Lange—Nielsen syndrome genes; Waardenburg syndrome genes

(no mitochondrial genes included)
Non-syndromic autosomal recessive hearing loss: CDH23; WHRN;

8 weeks

19 genes (unspecified number of SNPs)

Otochip: oligonucleotide hybridization Affymetrix Genechip

GJB6; MYOG6; MYO7A4; OTOF; PCDHI1S5; SLC26A44; TMCI; TMIE;

TMPRSS3; USHIC
Non-syndromic autosomal dominant hearing loss: GJB6; MYOG;

Cutomseq sequencing microarray (Harvard Medical
Kothiyal et al, 2010: data relating to 13 of the 19 genes

School/Cincinnatti Children’s Hospital, USA)

MYO74; TMCI
Mitochondrial genes: mtRNA-SerV“N and 6 mutations in m12SrRNA;

Usher syndrome genes (Not intended for the detection

of mutations in GJB2)




implementation of alternative therapies for infection control for
a small number of babies and children, and potentially prevent
unnecessary hearing loss. Several of the available mutation chips
currently incorporate this mutation in the MTRNRI (12SrRNA)
gene (see Table 3).

Wau et al (2011) reported a preliminary genetic screening study in
1017 consecutive newborns. The screen targeted four point muta-
tions associated with hearing loss in three genes (GJB2, SLC26A44,
and mitochondrial m72SrRNA) commonly found in the Taiwanese
population. Correlation of the results of the newborn genetic screen
with the newborn hearing screen, revealed nine babies who passed
the otoacoustic emission hearing screen at birth, but in whom genetic
variants suggested potential for hearing loss. Audiological assess-
ment in these babies at three months identified one with slight hear-
ing loss and two with mild hearing loss. In the remaining six babies
who continued with normal hearing, the authors recommended com-
prehensive audiological evaluation at one year in those with a defi-
nite diagnosis on newborn genetic screening, or genetic counselling
and additional genetic study (full gene sequencing) in those with
one mutated allele.

ALL MUTATIONS (FULL GENE SEQUENCING) WITHIN A LIMITED
SELECTION OF GENES

Population screening of GJB2 mutations in newborns capturing all
mutations within this gene by full sequence analysis is an alternative
approach to identify multiple mutations. Ultimately this may not be
helpful since hearing loss caused by G.JB2 mutations is usually con-
genital in onset and the vast majority of those with these mutations
will have already been detected by the newborn hearing screen. In
addition to those who are homozygous or compound heterozygous
for GJB2 mutations, many would be identified as carriers and, due
to the genetic heterogeneity of hearing loss, there would still be very
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many babies with hearing loss who would not be detected by GJB2
mutation testing alone.

Future developments in mutation analysis

In recognition of the genetic complexity of hearing loss, the imme-
diate future (i.e. next three to five years) of mutation analysis is
moving towards full sequencing to capture all mutations in a large
number of genes. This is being made possible by the significant
advances relating to the capacity, speed, and cost of direct sequenc-
ing technologies, which is impacting on how much of the genome
can be sequenced (Wright et al, 2011). Next generation sequencing
is a more efficient way of directly sequencing DNA, giving rise to
several hundred fold increases in speed and reductions in cost. It
is already in widespread use within the research environment and
has recently become available from a number of diagnostic service
providers. Next generation sequencers differ mainly in read length
capability (the number of bases that can be generated contiguously
using a sequencing machine), speed, and total sequencing capacity
(see Table 4).

Short-read next generation sequencers (Illumina and SOLiD) are
more suitable for re-sequencing, where the genome has already been
sequenced, and it is possible to compare the newly sequenced strand
against the reference to identify unique variations. The cost of next
generation sequencing equipment is in the range of US$500 0001
000 000 (equivalent to €340 000-680 000; £305 000610 000), which
will initially restrict use of this technology. Newer ‘benchtop’ models
are coming on the market and should be significantly cheaper.

Targeted sequence capture is a technique designed to work with
next generation sequencing. It enables specific genes and their
upstream or downstream regulatory regions to be isolated from the
genome so that they can be sequenced separately. Agilent SureSelect

Table 4. Developments in next generation sequencing technologies and specifications compared with automated Sanger sequencing (adapted

from Wellcome Trust, 2009).

Cost
Read length Runtime (days (8 per
Technology Description (bases) per gigabase) 1000 bases)'
Sanger sequencing (dideoxy DNA is used as a template to generate a set of fragments 1000 500 0.10
sequencing or chain that differ in length from each other by a single base
termination method) through the use of modified nucleotides (dideoxy
nucleotides) that when integrated into a sequence,
prevent the addition of further nucleotides. The
fragments are then separated by size, and the bases at
the end are identified, recreating the original sequence
of the DNA.
Next generation sequencing methods
454, Roche (www.my454.com) DNA fragments are anchored to individual tiny beads 450 2 0.02
placed into wells on a plate. Nucleotides are washed
over the wells in waves and as they are incorporated
into the new DNA strand by the DNA polymerase
enzyme, the intensity of light given off is used as a
measure of how many As, Ts, Cs and Gs have been
incorporated.
[llumina, Solexa, now Illumina Single DNA fragments amplified in dense clusters on a 75 0.5 0.001
(www.illumina.com) hollow slide to provide stronger fluorescence signals.
SOLIiD, ABI Life Technologies Sequencing by oligonucleotide ligation and detection. 50 0.5 0.001

(www.appliedbiosystems.com)

Unlike other sequencing platforms, which rely on a

DNA polymerase adding bases one by one to replicate
a new DNA strand, SOLiD sequences by ligation.

Overall cost depends on the number of bases in the genes being sequenced.
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is a solution-based form of targeted sequence capture (Www.genom-
ics.agilent.com), while NimbleGen is a solid-phase form of targeted
sequence capture (www.nimblegen.com). Once known, all of the
genes involved in causing hearing loss, including all exons (coding
regions of genes), exon/intron boundaries and promoter sequences
could be fully sequenced on a diagnostic platform to produce a
specific genetic test for hearing loss. OtoSCOPE (Otological Sequ-
ence Capture Of Pathogenic Exons) is the first massively parallel
sequencing platform that utilizes targeted sequence capture and next-
generation sequencing for genetic testing of hearing loss (Shearer
et al, 2010). It has been developed by the University of lowa and
is being used in a research setting to fully sequence all exons of 57
genes associated with hearing loss. At this stage in its development
various methods of targeted sequence capture and next generation
sequencing are being compared to determine which combination has
the greatest level of sequence coverage.

Otogenetics Corporation in the USA is currently offering a genetic
mutation testing service using targeted sequence capture and Illu-
mina next generation sequencing for the detection of variants in
84 known human genes associated with hearing loss for approxi-
mately US$500 (equivalent to €350; £300) per sample (Otogenetics
Corporation, 2011). However, their sensitivity when applied to dif-
ferent populations will need evaluation. The pace of next-generation
sequencing development and uptake has been remarkable, and tar-
geted sequence capture of the exome (sum total of all exons) is now
a well established research technique. While both of these technolo-
gies are capable of fully sequencing the included genes associated
with hearing loss, Otogenetics is available only for researchers, and
OtoSCOPE is available privately, but only in a diagnostic rather than
a screening capacity at a cost of approximately US$2000.

It is anticipated that the next five to ten years will see yet more
improvements in the speed and cost of DNA sequencing. There
is already discussion about ‘third generation’” DNA sequencing,
which aims to increase the speed of sequencing and reduce costs
even further. It is likely to be available in a research capacity by
2012 (some laboratories have early access to these machines), and
with this comes the possibility of routine whole genome sequencing.
Although sequencing the whole genome seems exhaustive, it could
be more cost-effective than having to select the genes of interest
(Wright et al, 2011). There is likely to be a ten-fold reduction in
equipment costs compared with next generation sequencing which
could enable use in regional laboratories. The eventual goal is to
improve sequencing technology to such an extent that it becomes
possible to produce the ‘$1000 genome’, which may then extend the
potential of this technology to clinical applications, but only once
knowledge of the impact of the sequence variants is known.

Figure 1 summarizes the timeline of anticipated technology devel-
opments in genetic screening for hearing loss for the next 10 years.

Implications for screening policy

While the technology is on course to provide the means of compre-
hensively identifying the genetic mutations associated with hearing
loss, this is just one of the many issues to consider prior to the deci-
sion to implement a genetic screening programme for this disorder
as outlined by Andermann et al, (2011).

Programme management level (benefit versus harm)

While a detailed evaluation of the evidence for the clinical utility
of the early diagnosis and intervention in childhood-onset hearing
loss is worthwhile, it is beyond the remit of this article. It is, as yet,

uncertain how much additional benefit there would be to individuals
and families, and also to education, health, and social services from
knowing which and how many children are at risk of developing
childhood-onset hearing loss.

The developmental, health, and psychosocial benefits of know-
ing ahead of time that a child’s hearing may deteriorate are also
unknown. While we touched on the potential to initiate parallel com-
munication strategies with this knowledge, the uncertainty around
the level of risk for individual children and families may preclude
any preparatory measures, and in the era of cochlear implants the
adoption of anything other than mainstream communication modes
is not common. In addition, repeated hearing testing throughout
childhood would be likely to engender parent and child concern.

The time frame of the potential deterioration (as some of the hear-
ing loss might not occur for many years, even well into adulthood)
would impact on this harm and benefit equation.

Indeed as some of these hearing losses will develop slowly, with a
long window in which to make the diagnosis clinically, prior genetic
screening may not actually speed up the diagnosis but will expose
individuals and family to an uncertain period of concern. It is also
unclear whether the additional 1.9 per 1000 live births currently
detected with permanent childhood hearing impairment between
newborn hearing screening and school entry are on average of lesser
severity than those detected at birth. This is all before there is any
consideration of the costs (to individual, families, and services) and
the cost-effectiveness of any screening programme.

The key benefit of genetic screening may be in knowing which
subset of individuals to monitor, so that interventions can be offered
at a point where they can have maximum impact, in contrast to
the existing chasm of years of lost opportunity following the
newborn screen.

Clinical services level

At a clinical services level, while the incidence and prevalence of
hearing loss is relatively low (1.6 per 1000 live births), its suit-
ability for screening has been demonstrated with the prior existence
of a national screening programme in the UK in recognition of the
severity of the disorder and the potential for substantially better
outcomes from intervention and educational support if early identi-
fication is achieved. The latency period of childhood-onset hearing
loss however, means that the current screening strategy at birth is
inadequate. An additional genetic screen may offer the potential to
identify at an earlier stage some of the 1300 children per year in the
UK (1.9 per 1000 live births) who have a genetic component to their
childhood-onset hearing loss, but would not help identify those with
acquired hearing loss. This may enable strategies such as preparing
the family and child, developing parallel communication strategies,
and minimizing exposure to known risk factors to be employed in
advance of hearing deterioration. While no therapeutic interventions
can be linked to a diagnostic test at present, knowledge of the spe-
cific cause of hearing loss may lead to tailored interventions in the
coming years.

The potential clinical value of genetic screening lies in identifying
those newborns at risk of developing hearing loss at a later stage so
that they can monitored with repeat hearing testing. Routine hearing
testing in childhood will still be essential to identify hearing loss
arising from mutations outside the selected genetic screen and for
acquired hearing loss. Genetic screening would therefore augment
current hearing screening programmes rather than replace them. The
need to offer genetic screening to all newborns in order to identify
this relatively small ‘at risk’ group who could develop hearing loss
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through the presence of causative mutations could present a bar-
rier to implementation, certainly from a cost perspective. Although
babies identified with hearing loss at birth could be excluded from
any such screening programme, genetic testing is already undertaken
as part of the aetiological investigation of their hearing loss.

Given the genetic heterogeneity of hearing loss, it is not possible
to give a definitive diagnosis of a genetic risk for future hearing loss
using tests that screen for one or two genes associated with hearing
loss, or mutation chips that identify only a selection of mutations in
a small number of genes. Thus, categorization of an asymptomatic
newborn into ‘screen positive’ or ‘screen negative’ will be far more
complex for progressive childhood-onset hearing loss.

Laboratory testing level

The technology used to conduct population based genetic screening
has to fulfil requirements in terms of its reliability to categorize
into positive and negative cases with acceptable levels of sensitivity
and specificity, and patient and societal acceptance. Next generation
DNA sequencing is already becoming an established research tech-
nique and the introduction of third generation sequencing in the next
two to three years introduces the possibility of sequencing an entire
genome (within reasonable costs) within 10 years. These advances in
sequencing technology are offering improved sensitivity and speci-
ficity of mutation analysis and have greatly contributed to the pace
at which genetic knowledge of hearing loss is being accrued, to the
point where clinical applications of this technology may be possible
within the 10 year timeframe.

While DNA sequencing technology itself is evolving rapidly,
there is a relative lack of commercial interest in developing genetic
diagnostic assays for hearing loss compared to other conditions with
a genetic basis. Possible reasons are that methods are easy to copy
and adapt, which results in a weaker intellectual property position
for industry; also there are currently no commercially produced
therapeutic interventions that could be linked to a diagnostic test.
Moreover, due to the significant ethnic variation in the UK, diag-
nostic tests for hearing loss that have been developed from popula-
tion samples in other countries may not be applicable to the UK
population.

In addition to the sensitivity and specificity of the technology, a
further issue to consider is the need to standardize interpretation of
genetic tests across the health service to ensure consistency. Cur-
rently, variation between clinical geneticists exists because the avail-
able literature is contentious and the data are simply not available,
or are conflicting. Although the best means to ensure consistency is
to put algorithms in place so that an automated informatics output
could provide an interpretation, it will be some considerable time
before this becomes a possibility. Much more information about
the phenotypic consequences of genomic variants will be needed to
develop robust predictions based upon sequence.

From a patient acceptability perspective, current methods of
DNA analysis require between 2—5 mls of blood which would be
unacceptable for a newborn screen, but with improving sequencing
techniques, it is anticipated that sufficient DNA could be extracted
from a drop of blood taken at the same time that blood is collected
for the newborn bloodspot metabolic screen (the Guthrie test). The
information obtained from genetic screening programmes however
may pose wider issues of acceptability for the child, other family
members, and society. Sequencing the whole genome will identify
at birth all germ line mutations that could give rise to future genetic
diseases. The ethics in relation to incidental findings are extensively
documented in the literature (Nuffield Council on Bioethics, 2006),

the predominant dilemma being if mutations associated with condi-
tions such as Huntington’s disease or familial cancer are identified at
the same time as testing for hearing loss, is there a moral obligation
to inform the patient, and/or their parents, even if this was not the
purpose of the test?

Finally, there are the infrastructure requirements to consider with
the implementation of a national genetic screening programme.
Sequencing equipment and data analysis is expensive, with research
centres sometimes contracting out to large central sequencing ser-
vices. Portable (point of care) DNA sequencers are in development—
these are only currently capable of analysing a few SNPs at a time;
however, it is possible to envisage comprehensive targeted mutation
screening in the future. Whole genome sequencing would probably
need to be done at one of the large centres to manage the volume of
data generated. The data processing and storage requirements would
be substantial and likely to be prohibitive for currently-configured
health services in the short term. The data storage capacity and basic
information technology infrastructure within the UK health services
needs to be addressed to enable targeted sequence capture or whole
genome sequencing at a population level (Department of Health,
2003; Wright et al, 2011).

Conclusion

Genetics cannot be reliably used in a screening capacity for hearing
loss until more is known about the genes involved and the clinical
significance of the identified mutations. While it is anticipated that
this knowledge could be determined within the next five years, poten-
tial interactions and the pathogenic significance of specific sequence
variants i.e. potential variable penetrance into phenotypes, may take
several more years to decipher. Only then will it be possible to deter-
mine with any certainty the value of a screening programme.

Decision-makers will need to resist the pressure to adopt genetic
technologies until such a time when the potential benefits of obtain-
ing this information are more certain, outweigh the harms, and can
be obtained at a reasonable cost. Our view is that while genetic
screening for predicting the risk of future hearing loss in newborns is
not justified for this condition at this time or in the immediate future,
its likely viability in the longer term indicates the need for decision-
making bodies to start considering how genetic screening could be
used to augment the current hearing testing screening programme.

The infrastructure and data processing requirements of a screening
programme for childhood-onset hearing loss are likely to be prohibi-
tive for a one-disease screening programme to implement, and instead
may need a wider health service commitment to genetic screening for
other conditions. In the 10-year timeframe, it is likely that this discus-
sion will be taking place within the context of a much wider applica-
tion of genetics in medicine. Information on hearing loss will be just
one disorder among many others extracted from a bank of informa-
tion obtained on an individual through whole genome sequencing.
Cost-effectiveness in this context will therefore have to be considered
differently to a standalone genetic screening programme.

In the interim, we suggest there is a role for genetic testing in all
newborns who do not pass newborn hearing screening and in chil-
dren identified with childhood-onset hearing loss to identify presently
known genetic causes of their hearing loss and to increase our know-
ledge of the genetic causes of hearing loss. In doing so, this informa-
tion could assist in establishing the prevalence and links between gene
mutation and hearing loss in the UK. The potential for increased usage
of aminoglycoside antibiotics also supports the case for a genetic
screening programme of pregnant women for the m.1555A>G
mutation which could avoid unnecessary cases of hearing loss.
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