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Abstract
Objectives—To evaluate the auditory, vestibular, and retinal characteristics of a large American
DFNA11 pedigree with autosomal dominant progressive sensorineural hearing loss that first impacts
the low and mid-frequency auditory range. The pedigree (referred to as the HL2 family) segregates
a myosinVIIA (MYO7A) mutation in exon 17 at DNA residue G2164C (MYO7AG2164C) that appears
to be influenced by a genetic modifier that either rescues or exacerbates the MYO7AG2164C alteration.
DNA analysis to examine single nucleotide polymorphisms (SNPs) in two candidate modifier genes
(ATP2B2 and WFS1) is summarized in this report.

Study Design—Family study.

Results—The degree of low and mid-frequency hearing loss in HL2 family members segregating
the MYO7AG2164C mutation varies from mild to more severe with approximately the same number
of HL2 family members falling at each end of the severity spectrum. The extent of hearing loss in
HL2 individuals can vary between family generations. Differences in the degree of hearing loss in
MYO7AG2164C HL2 family members may be mirrored by vestibular function in at least two of these
same individuals. The SNPs examined within ATP2B2 and WFS1 did not segregate with the mild
versus more severe auditory phenotype.

Conclusions—The severity of the auditory and vestibular phenotypes in MYO7AG2164C HL2
family members may run in parallel suggesting a common modifier gene within the inner ear. The
putative MYO7AG2164C genetic modifier is likely to represent a common polymorphism that is not
linked tightly to the MYO7A mutation on the MYO7A2164C allele.

Keywords
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electroretinography

INTRODUCTION
Hearing impairment is a common clinical finding with both genetic and environmental origins
(1). Hearing loss with a genetic etiology can be syndromic associated with diagnoses
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compromising other body systems or non-syndromic restricted to deficits of the inner ear. Large
human pedigrees segregating monogenic syndromic and non-syndromic hearing loss have led
to the discovery of at least 100 chromosomal locations harboring auditory-related genes (2).
Mutations within these genes cause the inherited sensory challenge within the pedigrees.

Mutations within seven different myosin genes are known to underlie auditory dysfunction:
two conventional myosins, non-muscle myosin, heavy polypeptide 9 (MYH9) (3) and 14
(MYH14) (4); and five unconventional myosins, myosin IA (MYO1A) (5), myosin IIIA
(MYO3A) (6), myosin VI (MYO6) (7), myosin VIIA (MYO7A) (8), and myosin XV
(MYO15A) (9). Myosins constitute a family of motor proteins that share a conserved globular
head domain with actin- and ATP-binding sites coupled to varied amino and carboxy-terminus
regions. These variable regions determine the unique cellular function of each motor protein
giving rise to diverse roles in biological processes such as muscle contraction, cell adhesion,
organelle translocation, cytokinesis, and cell movement (10,11).

The MYO7A gene is expressed in the testis, lung, kidney, inner and outer hair cells of the
cochlea, and retina (12). Within the retina, MYO7A is expressed in the retinal pigment
epithelium (RPE) and rod and cone photoreceptor cells (12-14). In hair cells, MYO7A is found
in the actin-rich stereocila bundles, cuticular plate, pericuticular necklace, and cell body (15).
MYO7A is also expressed in both type I and type II hair cells of the semicircular canals and
utricle (15).

Mutations within MYO7A can lead to both syndromic and non-syndromic hearing impairment
in humans. Syndromic MYO7A mutations are inherited in a recessive fashion with over 80
identified MYO7A mutations (16) leading to a diagnosis of Usher type 1B (USH1B), a disease
characterized by profound, congenital, sensorineural deafness with progressive retinitis
pigmentosa leading to visual loss and vestibular areflexia. Non-syndromic MYO7A mutations
can be inherited in either a recessive (DFNB2, the 2nd autosomal recessive deafness locus
identified) or dominant (DFNA11, the 11th autosomal dominant deafness locus identified)
manner. Five DFNA11 mutations have been characterized: p.delA886-K887-K888 in a
Japanese pedigree (17); p.G772R in an American pedigree (18); N458I in a Dutch pedigree,
(19); p.R853C in a German pedigree (20); and p.A230V in an Italian pedigree (21) (Figure 1).

We previously mapped the large hearing impaired DFNA11 American pedigree [referred to as
HL2, for hearing loss family 2] to the long arm of chromosome 11 in band 13.5. A MYO7A
mutation in exon 17 at DNA residue G2164C was discovered in the HL2 family. The
MYO7AG2164C alteration leads to a predicted non-conservative glycine-to-arginine (G772R)
amino acid substitution at a highly conserved glycine residue (18). The MYO7AG2164C mutation
is unique as it was the first alteration in MYO7A associated with the uncommon clinical finding
of progressive low-frequency hearing loss (18). We previously showed that the degree of low
and mid-frequency hearing loss within the HL2 family varies markedly suggesting the presence
of a genetic modifier that either rescues or exacerbates the primary MYO7AG2164C mutation
(18).

The appreciation of genetic modifiers in the human auditory system has been increasing over
the past several years. For example, the severity of a homozygous mutation in exon 42 of
CDH23 (encoding cadherin 23) predicting a F1888S amino acid substitution appears to be
modified by a heterozygous single nucleotide polymorphism (SNP) in exon 12 of ATP2B2
(encoding PMCA2) predicting a V586M amino acid substitution. Specifically, the
PMCA2V586M allele significantly exacerbates the degree of hearing impairment in the
homozygous CDH231888S individuals (22). The PMCA2V586M allele also worsens the extent
of low-frequency hearing loss in a family segregating a dominant H246R mutation in the head
domain of MYO6 (22,23). The PMCA2V586M allele by itself does not appear to cause auditory
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impairment but rather modulates the severity of hearing loss in families with mutations in either
CDH23 or MYO6.

In this report, we characterize in greater detail the extent of hearing loss variation in the HL2
pedigree within and between family generations which supports the prediction that the putative
genetic modifier is a SNP commonly found in the general Caucasian population. The candidacy
of SNPs within the ATP2B2 and WFS1 (encoding wolframin) genes as potential modifiers of
the MYO7AG2164C mutation was analyzed in the HL2 family. Members of the HL2 pedigree
carrying the MYO7AG2164C mutation also completed formal vestibular testing and ERG
evaluations.

MATERIALS AND METHODS
Research subjects and controls

Under a protocol of informed consent approved by the Institutional Review Board of the
University of Washington, Seattle, 5 mls of blood were obtained by venipuncture for high
molecular weight DNA isolation using standard techniques. Control DNA samples were taken
from a predominantly Caucasian population as described previously (18). The HL2 pedigree
is of English decent. Male-to-male transmission is observed confirming autosomal dominant
inheritance (Figure 2).

Auditory, vestibular, and ERG assessment
Audiologic evaluations were conducted as described previously (18). Symmetrical hearing loss
was detected in all affected HL2 family members. For clarity, only right ear responses are
plotted on the audiograms in Figure 2. Audiometric data for a normal hearing individual of
similar age to the research subject are included on each audiogram plot (24). The vestibular
evaluations were conducted in the Otolaryngology-HNS Clinic testing suites at the University
of Washington. Oculomotor testing and computerized dynamic posturography were conducted
as described previously (25). Caloric testing was performed with an ICS air caloric irrigator
(60 second irrigations at 24 and 50°C) and an Interacoustics 2D VOG eye tracker. The
electroretinography (ERG) assessments were conducted at Children’s Hospital and Regional
Medical Center in Seattle, Washington. Recording procedures followed the International
Society for Clinical Electrophysiology of Vision (ISCEV) recommendations as closely as
possible for full-field electroretinograms (26) and were performed as described previously
(27).

Single nucleotide polymorphism analysis
For SNP analysis, PCR incubation mixture, thermocycling, and purification parameters were
performed as noted previously (28) with ATP2B2 and WFS1 primers designed with the Primer
3 web-based program (29). Electropherograms were analyzed using the DNASTAR software
package (30) (DNASTAR, Inc) or the CodonCode Aligner software package (CodonCode
Corporation, Dedham, MA).

RESULTS
Two MYO7AG2164C females maintain normal high-frequency hearing in 5th and 6th decade of
life

Females IV-16 and IV-33 both carry the MYO7AG2164C mutation which is consistent with their
notable hearing loss between 250 and 2000 Hz (Figs. 3A, 3B). Remarkably, between 3000 and
8000 Hz they both have normal or above average hearing for their age (Figs. 3A, 3B) resulting
in rising audiogram contours. Maintenance of normal high frequency hearing in females IV-16
and IV-33 may be attributed to a self-reported lack of significant noise or ototoxic drug
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exposure or perhaps to a genetic component that acts to protect hearing in the higher
frequencies.

Genetic modifier may control severity differences in the low and mid-frequency ranges
While most HL2 family members exhibit similar patterns in their audiologic profiles, some
members of the HL2 pedigree show marked variation in their level of hearing impairment
particularly in the low and mid-frequency ranges. Individuals V-15 (male), V-20 (female), and
V-8 (female) are all mildly affected MYO7AG2164C family members. Individuals V-24 (male),
V-30 (female), and V-28 (female) are all more severely affected MYO7AG2164C family
members. Figure 4A compares the hearing sensitivity of these six individuals between the ages
of 30-39 years old. Between 250 and 2000 Hz the pure tone auditory thresholds vary from 30
to 65 dB between these two distinct groups of HL2 family members. None of these six
individuals reports a significant medical or noise exposure history that could account for these
marked threshold differences in the low and mid-frequency ranges. These threshold differences
can also be noted when comparing the auditory thresholds in younger MYO7AG2164C family
members such as females VI-15 and VI-7 at 17 and 16 years of age, respectively (Fig. 4B).
Salient variations in the degree of hearing loss between similarly-aged MYO7AG2164C

individuals with comparable histories suggest the presence of a modifier gene that either
rescues or exacerbates the primary MYO7AG2164C mutation. Given that approximately equal
numbers of mild versus more severely affected MYO7AG2164C individuals are noted in the HL2
pedigree, the modifier alleles underlying these differences are likely to represent common
polymorphisms. Individuals with auditory thresholds falling between the two distinct groups
highlighted in Figure 4A are also found in the HL2 pedigree (e.g. male V-18 and female V-11).
Interestingly, variations in the degree of hearing loss between similarly-aged family members
is also seen in the Dutch DFNA11 pedigree carrying the MYO7AA1373G mutation predicting
the N458I amino acid substitution (Fig. 4C) (31).

Degree of Hearing Loss can Vary between Generations
The audiologic profiles of females V-20 (mother) and VI-15 (daughter) show low-frequency
hearing loss greater than expected for their ages (Fig. 5A). However, by definition at 37 and
17 years-of-age females V-20 and VI-15, respectively, do not have abnormal hearing (threshold
elevations >25 dB HL) highlighting how subtly the MYO7AG2164C mutation can impact the
auditory system in some individuals. The mother-daughter pair (females V-20 and VI-15) both
demonstrate relatively mild hearing loss (Fig. 5A), suggesting that they both carry the same
modifier SNP. In the case of the affected mother-daughter pair (female V-8 and female VI-7),
the mother at 35 years of age is mildly affected by the MYO7AG2164C mutation while the
daughter at 16 years of age demonstrates remarkably elevated auditory thresholds in the low
and mid-frequencies compared to her mother (Fig. 5B) suggesting that they do not carry the
same modifier SNP. The ability to frequently switch the severity of hearing loss between
generations suggests that the modifier is not linked tightly to the MYO7A mutation on the
MYO7A2164C allele and that the modifier is likely represented by a SNP commonly found in
the general Caucasian population.

Normal ERG Test Results in the HL2 Family
Next, we wanted to determine if a retinal phenotype segregates in the HL2 family and if the
extent of retinal involvement follows the degree of hearing loss between MYO7AG2164C

individuals. Therefore, male V-15 (at 42 years-of-age) with mild hearing loss and female V-28
(at 37 years-of-age) with more severe hearing loss underwent electroretinography (ERG) to
assay for changes in retinal photoreceptor function. In both individuals, the scotopic and
photopic responses had overall normal appearing waveforms with normal amplitude and
latencies to the a- and b-waves. Under dark adaptation, an isolated b-wave of large amplitude
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was elicited to dim flashes of 0.06 and 0.14 cd · sec/m2 of white light and a 1.8 cd · sec/m2

blue flash. Red flashes (0.22 cd · sec/m2) elicited a small early cone peak prior to the scotopic
b-wave, demonstrating a cone contribution under scotopic adaptation. With increasing flash
intensity (3.1 to 60.9 cd · sec/m2), normal amplitude a- and b-waves are present. Photopic ERGs
to the single flash and 30 Hz flicker also showed normal appearing a- and b-wave components.

Vestibular Phenotype May Mirror Degree of Hearing Loss
Finally, we wanted to determine if a clinically detectable vestibular phenotype segregates in
the HL2 family and if the extent of vestibular involvement parallels the degree of hearing loss
between MYO7AG2164C individuals. Therefore, male V-15 with mild hearing loss and female
V-28 with more severe hearing loss underwent vestibular assessment (Table). Computerized
dynamic posturography. Sensory organization testing: Male V-15 displayed a normal SOT
composite score of 82. Female V-28 had an abnormal SOT composite score of 69 with reliance
on visual cues to maintain her balance. The COG (center of gravity) alignment indicated that
female V-28 had a weight shift to the left during testing. Motor control test. Male V-15
displayed normal motor control test scores. Female V-28 demonstrated abnormal responses on
the toes down adaptation test. Oculomotor testing was normal for both male V-15 and female
V-28. Bithermal caloric testing was normal for male V-15 (>10°/sec). Female V-28 displayed
a 17% unilateral weakness in the left ear indicating that she is receiving more vestibular
information from her right inner ear than her left. As summarized in the Table, male V-15 with
more mild hearing loss generated normal vestibular test results while female V-28 with more
severe hearing loss demonstrated abnormal vestibular findings. Interestingly, vestibular
impairment may also parallel the degree of hearing loss in two individuals from the Dutch
DFNA11 pedigree carrying the MYO7AA1373G mutation predicting the N458I amino acid
substitution (31). Individual 3-22 with more mild hearing loss (Fig. 4C) is reported to have
normal clinical vestibular responses while individual 3-3 with more severe hearing loss (Fig.
4C) is reported to have bilateral caloric weakness (31).

Investigating Candidate Modifier Gene SNPs
Given that the PMCA2V586M allele can modulate the severity of hearing loss in families with
mutations in either CDH23 or MYO6, we analyzed the PMCA2V586M allele in all
MYO7AG2164C HL2 family members affected by hearing loss for which a DNA sample was
available (21 individuals). The MYO7AG2164C HL2 individuals were homozygous for the
PMCA2V586 allele indicating that the PMCA2V586M polymorphism was not responsible for
the difference in hearing loss severity in the HL2 pedigree. We also compared the open-reading-
frame (ORF) sequence of WFS1, another gene known to cause low-frequency hearing loss,
between DNAs from HL2 individuals V-20 and V-24. All WFS1 SNPs detected in exons 1-8
were shared in common between these two family members.

DISCUSSION
In this report, we have characterized the auditory, vestibular, and retinal characteristics of a
large American DFNA11 MYO7AG2164C pedigree with autosomal dominant progressive
sensorineural hearing loss that generally first impacts the low and mid-frequency auditory
range. Hearing loss within members of the HL2 pedigree segregating the MYO7AG2164C

alteration can range from mild to severe with similar numbers of HL2 family members falling
at the end of each severity scale. The degree of hearing loss severity can switch between family
generations. These findings suggest the presence of a genetic modifier acting on the
MYO7AG2164C mutation that is likely to represent a common polymorphism in the Caucasian
population that is not linked tightly to the MYO7A2164C allele. Vestibular test results from two
MYO7AG2164C HL2 family members and two individuals with the MYO7AA1373G mutation
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suggest that the severity of the auditory and vestibular phenotype may run in parallel
implicating a common modifier gene within the inner ear.

The HL2 audiometric configuration with hearing loss first impacting the low and mid-
frequencies is noteworthy as the vast majority of non-syndromic deafness initiate with high-
frequency hearing loss (32). The other four DFNA11 mutations result in either a flat or
downward sloping audiogram contour with the exception of a few affected individuals with
the MYO7AN458I alteration (31). Interestingly, the dominant Headbanger (Hdb) mouse mutant
has been shown to demonstrate low frequency hearing loss associated with a Myo7aI178F

mutation (33). These three different predicted amino acid substitutions within the myosin VIIA
head domain (Myo7aI178F, MYO7AN458I, MYO7AG722R) are all capable of manifesting the
phenotype of low-frequency hearing loss. However, this phenotype-to-genotype correlation
with the head domain is not absolute as the audiograms reported for the MYO7AA230V mutation
demonstrate primarily flat or downward sloping configurations (21). The HL2 audioprofile is
most similar to the progressive non-syndromic low frequency hearing loss characteristic of
DFNA1 and DFNA6/DFNA14/DFNA38 caused by heterozygous mutations in the diaphanous
1 (DIAPH1) (34) and Wolfram syndrome 1 (WFS1) (35) genes, respectively.

The HL2 pedigree is also notable due to the striking difference in hearing loss severity seen
between affected family members; a phenotypic difference that may extend to the vestibular
system. Clinical vestibular assessment was normal in a MYO7AG2164C HL2 family member
with mild hearing loss (male V-15) and abnormal in a MYO7AG2164C HL2 family member
(female V-28) with more pronounced auditory dysfunction. Vestibular testing of additional
HL2 family members falling at different ends of the hearing loss spectrum in the family will
be useful in expanding these findings. The MYO7AG2164C mutation does not appear to impact
the retina as individuals with both mild and more severe low-frequency hearing loss generated
normal ERG responses.

The variation in the degree of hearing loss in the HL2 family suggests the presence of a genetic
modifier that may be represented by a SNP commonly found in the general population. While
the ATP2B2 and WFS1 SNPs examined in this report and the MYO7A and GJB2 SNPs studied
previously (18) do not segregate with the phenotypic differences in the HL2 pedigree, SNPs
within the MYO7A promoter and other gene products known to interact with MYO7A in the
ear should also be considered as candidates. Identification of SNPs regulating the clinical
severity of hearing loss and vestibular deficits will enhance understanding of gene product
interactions within the inner ear and may provide predictive value in counseling patients
carrying these mutations and genetic variations.
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FIG. 1.
Dominant mutations within Myosin VIIA. Schematic representation of MYO7A functional
regions indicates the location of five DFNA11 mutations and the dominant Hdb mouse mutant.
The head region (light gray shading) contains ATP (black box) and actin (dark gray box)
binding sites. The tail domain contains four notable regions: 1) IQs represent five light-chain-
binding repeats; 2) coil indicates coiled-coil domain that may be involved in dimerization; 3)
MyTH4 indicates myosin tail homology-4 domains that are regions conserved between
myosins; and 4) talin represents talin-like homology domains which are predicted to bind actin.
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FIG. 2.
Audiologic characterization of the HL2 pedigree. Each individual in the pedigree is assigned
a number by generation. Underlined numbers indicate the person completed an auditory
evaluation. Affected individuals are denoted by blackened symbols, males by squares, females
by circles, and deceased persons are indicated by a diagonal line through the symbol. If the
auditory phenotype of a child is unknown, the symbol is filled in gray. Audiograms for affected
individuals (shown for right ear only) are grouped as color-coded family clusters and positioned
near the appropriate family branch. Frequency in hertz (Hz) is plotted on the x-axis and hearing
level in decibels (dB HL) on the y-axis. Plotted on each audiogram (gray line) are the average
pure-tone air conduction thresholds for a person with normal hearing (24) matched in age to
the earliest audiogram collected for the HL2 family member.
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FIG. 3.
High-frequency hearing is well preserved in (A) female IV-16 and (B) female IV-33. Auditory
thresholds are shown for the right ears only. Responses between the right and left ears were
symmetrical. Frequency in hertz (Hz) is plotted on the x-axis and hearing level in decibels (dB
HL) on the y-axis. Plotted on each audiogram (gray line) are the average pure-tone air
conduction thresholds for a person with normal hearing matched in age to the earliest
audiogram collected for the HL2 family member.
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FIG. 4.
Variation in clinical severity between similarly aged HL2 family members. (A) Three
MYO7AG2164C individuals with mild hearing loss versus three MYO7AG2164C individuals with
more severe hearing loss in the low and mid-frequency ranges. All six individuals are between
the ages of 30-39 years old. (B) Two MYO7AG2164C teenage females showed marked
differences in low and mid-frequency auditory thresholds. Auditory thresholds are shown for
the right ears only. Responses between the right and left ears were symmetrical. Frequency in
hertz (Hz) is plotted on the x-axis and hearing level in decibels (dB HL) on the y-axis. (C)
Three MYO7AA1373T individuals between the ages of 31 to 41 years old from the Dutch N458I
family demonstrate variation in their auditory thresholds.
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FIG. 5.
Comparison of hearing loss severity between HL2 family generations. Auditory thresholds are
shown for the right ears only. Responses between the right and left ears were symmetrical.
Frequency in hertz (Hz) is plotted on the x-axis and hearing level in decibels (dB HL) on the
y-axis. Plotted on each audiogram (gray line) are the average pure-tone air conduction
thresholds for a person with normal hearing matched in age to the earliest audiogram collected
for the HL2 family member. (A) Mild HL2 auditory phenotype is maintained between mother
(V-20) and daughter (VI-15). (B) Mild HL2 auditory phenotype is not maintained between
mother (V-8) and daughter (VI-7).
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TABLE
Phenotype Comparison

Male V-15 Female V-28

Auditory Mild HL More Severe HL

ERG Normal Normal

Vestibular

SOT 82 69*, abnormal reliance on visual cues

COG Normal Weight shift to left

MCT Normal Abnormal on toes down adaptation test

Calorics Normal 17% unilateral weakness to the left ear

Oculomotor Normal Normal

SOT = Sensory organization test composite score, * abnormal score
COG = Center of gravity measurement during SOT exam
MCT = Motor control test

Otol Neurotol. Author manuscript; available in PMC 2009 September 1.


