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Novel association of hypertrophic cardiomyopathy,
sensorineural deafness, and a mutation in unconventional

myosin VI (MYO4)

S A Mohiddin, Z M Ahmed, A J Griffith, D Tripodi, T B Friedman, L Fananapazir, R J Morell

characterised by left ventricular hypertrophy, diastolic

dysfunction, and hypercontractility, and is often asso-
ciated with disabling symptoms, arrhythmias, and sudden
death.! FHC shows both non-allelic and allelic genetic
heterogeneity, and results from any one of more than 100
mutations in genes encoding sarcomeric proteins.” Identified
genes include those encoding  myosin heavy chain, the
myosin regulatory and essential light chains, myosin bind-
ing protein C, troponin I, troponin C, o cardiac actin, and
titin.” > The FHC phenotype is characterised by hypertrophy,
myocyte disarray and fibrosis, and results from the dominant
negative expression of one of these (mainly missense)
mutations. The resulting sarcomeric dysfunction leads
ultimately, through mechanisms that remain obscure, to
pathological left ventricular remodelling. However, as
molecular defects are identified in only half the cases, it is
likely that non-sarcomeric genes may also be responsible.
Non-sarcomeric causes of FHC are largely uncharac-
terised, and may be associated with distinct or compound
phenotypes.

Similarly, hereditary sensorineural hearing loss shows a
great degree of non-allelic and allelic genetic heterogeneity,
and can be dominant, recessive, X linked, or mitochondrial.**
Hereditary sensorineural hearing loss is classified according
to mode of inheritance and the presence of clinically
detectable extra-auditory manifestations (syndromic deaf-
ness) or their absence (non-syndromic).®” The distributions
of mutant gene expression are not necessarily restricted to
clinically affected organ systems, and mutant genes asso-
ciated with “non-syndromic” deafness may therefore have
subtle extra-auditory manifestations.

Genetic syndromes restricted to a cardio-auditory pheno-
type include the long QT syndrome (LQTS) caused by
mutations in KvLQTI (KCNQI) or in KCNEI, where QT
prolongation has autosomal dominant expression (Romano
Ward syndrome), but congenital sensorineural hearing loss
with LQTS is autosomal recessive (Jervell and Lange-Nielsen
syndrome).® In the LQTS, cardiac structure is normal.
Recently, Schonberger et al described a syndrome of dilated
cardiomyopathy and sensorineural hearing loss which was
linked to 6q23-24 in two families.” dilated cardiomyopathy
and sensorineural hearing loss penetrance were both age
related, although sensorineural hearing loss onset was at
a much younger age and appears to have been more
penetrant.

Here we describe a pedigree co-segregating progressive,
late onset, autosomal dominant sensorineural hearing loss,
QT interval prolongation, and cardiac hypertrophy. Linkage
analysis indicates that the causative gene is located on
chromosome 6q12. We have identified a mutation in MY06, a
gene encoding a non-muscle or unconventional myosin, in all
affected members of the pedigree.

Familial hypertrophic cardiomyopathy (FHC) is typically
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e Familial hypertrophic cardiomyopathy (FHC) is typi-
cally confined to a cardiac phenotype and is caused by
mutations in genes encoding sarcomeric proteins.
Occasionally FHC may be one component of a
hereditary multisystem disorder.

® Sensorineural hearing loss is genetically heteroge-
neous. Mutations in the MYOS gene, encoding
unconventional myosin VI, have been found to cause
non-syndromic sensorineural hearing loss—that is,
sensorineural hearing loss in the absence of any other
related clinical features.

® 36 members of a kindred in which autosomal dominant
sensorineural hearing loss co-segregates with FHC
were evaluated by history, physical examination, ECG,
echocardiography, and audiometry. Ten had sensori-
neural hearing loss, and four also had FHC. Six had
sensorineural hearing loss without echocardiographic
evidence of left ventricular hypertrophy. Four of these
six patients had abnormalities on 12 lead ECG, and
three of the six had prolongation of the QT interval.
Cardiac symptoms were mild or absent in most affected
family members. Genetic analyses suggested linkage
of a cardio-auditory phenotype to a region at 6q13
encompassing the MYOG6 locus. A novel missense
mutation (H246R) of MYO6 affecting the highly
conserved motor domain was detected in all affected
members.

o A cardio-auditory syndrome may be associated with a
dominant missense mutation in a gene encoding an
unconventional myosin. The cardiac manifestations can
escape detection in pedigrees with MYO6 associated
sensorineural hearing loss. Careful cardiological char-
acterisation of these families may clarify the aetiologi-
cal relations among FHC, sensorineural hearing loss,
and myosin VI.

METHODS

Subjects

Subjects were studied according to NHLBI (98-H-0100 and
99-H-0065) and NIDCD (97-DC-0180) protocols approved by
the respective institutional review boards. Written consent

Abbreviations: FHC, familial hyperirodphic cardiomyopathy; LOD,
logarithm of odds; LQTS, long QT syndrome; PTA, pure tone averages;
STR, short tandem repeat
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was obtained from all family members who participated in
the study. Family members were evaluated by interview,
clinical examination, 12 lead ECG, transthoracic echocardio-
graphy, pure tone and speech audiometry, tympanometry,
and acoustic reflex testing.

Clinical evaluation

FHC was diagnosed when echocardiographic measurements
of left ventricular wall dimensions were greater than 13 mm
in the absence of other causes of left ventricular hypertrophy.
The QT interval was determined manually from the 12 lead
ECG by an experienced electrophysiologist blinded to patient
identity and the results of audiological evaluations, and the
corrected QT (QTc) was calculated using the Bazett formula.
The QTc was considered prolonged if it was =470 ms in male
subjects and =480 ms in female subjects.' Pure tone
audiometry was done at 0.25, 0.5, 1, 2, 4, 6, and 8 kHz for
air conduction and at 0.5, 1, 2, and 4 kHz for bone
conduction. Pure tone averages (PTA) were calculated for
air conduction thresholds at 0.5, 1, 2 and 4 kHz. Individuals
were considered affected if they showed bilateral PTA greater
than the 95th centile when compared with age and sex
adjusted normative data."

Genetic analysis

Genomic DNA was obtained from peripheral blood using
standard protocols (Puregene, Gentra). Polymerase chain
reaction (PCR) of polymorphic short tandem repeat (STR)
markers was undertaken with fluorescent dye labelled
primers, and STR amplicons were analysed on an ABI 377
DNA sequencer using Genescan and Genotyper software
(Applied Biosystems). After excluding linkage to several
known loci for sensorineural hearing loss and LQTS, a
genome-wide scan was carried out using the Weber v.9a
marker set (10 cM resolution) (Marshfield Medical Research
Foundation). Two point logarithm of odds (LOD) scores were
calculated using the FASTLINK version of the LINKAGE
software package.”” " Individuals were assigned to one of
three liability classes based on the sensorineural hearing loss
phenotype: class 1 (age>50), 95% penetrance and 1/100
phenocopy rate; class 2 (age 25 to 50), 90% penetrance and
1/1000 phenocopy rate; and class 3 (age<<25), 30% pene-
trance and 1/10 000 phenocopy rate. Simulated LOD scores
were generated using SLINK" '* and calculated under the
assumptions described above. Additional simulations were
based on the cardiac phenotype alone and a single, highly
penetrant, syndromic trait. MYO6 was evaluated for muta-
tions using previously described primer pairs and direct
sequencing using Big-Dye Terminators v.3 (Applied
Biosystems)."

RESULTS

Clinical findings

The proband (III-3) was diagnosed with hypertrophic
cardiomyopathy at the age of 35 years following evaluation
for exertional dyspnoea and chest pain (fig 1). Several
episodes of presyncope and syncope had occurred since age
20. One episode of self limiting atrial fibrillation was
associated with severe presyncope. A 12 lead ECG showed
sinus rhythm, left atrial hypertrophy, left axis deviation, a q
wave in lead AVL, biphasic septal T waves, and a corrected QT
interval (QT.) of 584 ms (fig 2). Transthoracic echocardio-
graphy showed a non-dilated and hyperdynamic left ven-
tricle, systolic anterior motion of the mitral valve, and normal
left ventricular outflow velocities. Magnetic resonance
imaging of the heart measured the anterior septum to be
21 mm, posterior wall 12 mm (normal septum and posterior
wall dimensions 6-11 mm), ejection fraction 65%, and left
ventricular mass 270 g (mean (SD) in normal adults, 87 (12)

www.jmedgenet.com

Mohiddin, Ahmed, Griffith, et al

g) (fig 3). There was no family history of syncope or sudden
death at a young age.

The proband had bilateral, symmetrical, mild to severe
sensorineural hearing loss affecting high frequencies to the
greatest degree, resulting in a downsloping audiometric
configuration. The onset was in the early postlingual period
of the first decade of life, followed by steady and gradual
progression. Speech audiometry and acoustic reflex testing
results were consistent with cochlear hearing loss. A history
of progressive hearing loss affecting several generations
within the family was evident, suggesting autosomal
dominant inheritance. The onset and natural history of
sensorineural hearing loss was similar in other affected
family members (age range 5 to 54 years). The two youngest
affected subjects had sensorineural hearing loss affecting
only middle and low frequencies (at five and 10 years of age).
In contrast, affected adults had hearing loss affecting all
frequencies to varying degrees, with a variety of audiometric
configurations. The highest observed pure tone average (0.5/
1/2/4 kHz) in the better hearing ear was 55 dB-HL in subject
III-2, who was 43 years old (fig 4).

Clinical evaluation of family members subsequently
determined that other family members who have sensor-
ineural hearing loss also have ECG and echocardiographic
abnormalities (table 1). The most typical phenotype includes
bilateral low frequency sensorineural hearing loss, progres-
sive in severity from the end of the first decade of life, apical
left ventricular hypertrophy, and a prolonged QT interval. In
the youngest family member (IV-6, aged five years) with
early signs of sensorineural hearing loss, no ECG or
echocardiographic abnormalities were detected, and in
another with early sensorineural hearing loss (IV-3, aged 10
years), the ECG showed right axis deviation, left atrial
hypertrophy, and increased voltages despite a normal
echocardiogram. Family member II-3 was not evaluated in
our audiological clinic (aged 74 years) and is reported to have
a late onset hearing loss and several ECG abnormalities, and
has inferior wall hypokinesia, mitral annular calcification,
and mitral and aortic valve regurgitation on echocardiogra-
phy. She has no descendants with sensorineural hearing loss
or cardiomyopathy. It was thought that this individual was
both a cardiac and auditory phenocopy. There were no
instances of ECG abnormalities detected in individuals with
normal hearing. We concluded that a possible cardio-
auditory syndrome was segregating in this family, with
sensorineural hearing loss as the most penetrant feature.

Genetic analysis

The pedigree structure and size of family 641 (fig 1) allows a
simulated maximum LOD score of 4.4, assuming a dominant,
syndromic trait with greater than 90% penetrance in all
generations. Consideration of the cardiac phenotype resulted
in maximum simulated LOD scores of only 1.8 (assuming
50% penetrance for hypertrophic cardiomyopathy'®). After
excluding loci associated with familial sensorineural hearing
loss (at that time), we did a 10 ¢cM resolution genome-wide
scan. Affection status for the purposes of linkage analysis was
determined by the presence of sensorineural hearing loss.
Individuals were assigned to one of three liability classes,
based on the hearing loss phenotype: class 1 (age >50), 95%
penetrance and 1/100 phenocopy rate; class 2 (age 25 to 50),
90% penetrance and 1/1000 phenocopy rate; class 3 (age
<25), 30% penetrance and 1/10 000 phenocopy rate. No
markers showed perfect co-segregation with the sensori-
neural hearing loss phenotype. The maximum LOD score
obtained was 2.98 with marker D6S1681 at 6q13. Analyses
with additional markers at 6q13 showed that all affected
individuals had the same haplotype spanning 30 cM
(D6S1017 to D6S1031). Two individuals, IV-1 and IV-10,
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Figure 1 Pedigree: genotype and phenoirpe are summarised on the pedigree. Several descendants of II-3 and II-4 were studied; none had
cardiomyopathy or sensorineural hearing loss and have been omitted from the pedigree to promote anonymity. Also shown are sequencing
pherograms illustrating heterozygosity for histidine and arginine at position 246 of MYO6 (H246R) and homozygosity for the normal dllele (His246).
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Figure 2 ECGs from family members with the MYO6 mutation. Leads V1-V3 are shown for dll; lead Il is also shown for II-1, 1I-2, -2 and 1II-5. All
ECGs recorded at 10 mm/mV at rate 25 mm/s. II-1, 1lI-2, and lll-3 all have left ventricular hypertrophy on echocardiography. II-2, lll-5, and IV-6 had
normal echocardiograms. II-2 has a very prolonged QT interval and lll-5 has borderline first degree heart block. The ECG in IV-6 was considered

normal for age (five years). A stylised recording is shown at bottom to identify the component waves of the ECG (P, Q, R, S, and T) and the QT interval.
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Figure 3 Magnetic resonance cardiac imaging in proband IlI-3. The
panel on the left is a short axis view of the patient’s mid left ventricle in
cross section; a normal left ventricle is shown in the panel on the right for
comparison. Both images are to the same scale. There is marked
hypertrophy of the prcﬁaand's left ventricular walls, particularly of the
intraventricular septum. IVS, intraventricular septum; LV, left ventricle;
RV, right ventricle.

who were normal on audiological examination at ages 12 and
28 years, respectively, also inherited this haplotype, raising
the possibility of incomplete penetrance.

Genes localised to chromosome 6ql13 include KCNQ5 and
MYO6 encoding non-muscle myosin VI; the latter was
recently associated with dominant (DFNA22) and recessive
(DFNB37) non-syndromic sensorineural deafness.” 7 Given
that mutations of KCNQ4 cause non-syndromic deafness
(DFNA2) and mutations of KCNQI cause the cardio-auditory
phenotype Jervell and Lange-Nielson syndrome, we first
sequenced the coding exons of the paralogous gene,
KCNQ5."® " No mutations in KCNQ5 were found among
affected members. Sequence analysis of the coding exons of
MYO6 showed a novel transition mutation, 737A>G, in all
affected members of family 641. This is predicted to lead to
the replacement of a conserved histidine residue with
arginine in the motor region of the myosin VI protein
(H246R, fig 5). This mutation was not detected in the
genomic DNA from 351 individuals of a wide variety of ethnic
backgrounds (702 chromosomes). Phospholamban (PLN), a
gene recently associated with dilated cardiomyopathy loca-
lised to 6q22.1, was also sequenced to test the hypothesis that
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the sensorineural hearing loss and FHC phenotypes were
actiologically independent but associated, owing to the
physical linkage of the causative genes on chromosome 6.*
No mutations in PLN were identified following sequencing of
several affected individuals.

DISCUSSION
We describe the novel association of progressive, postlingual
autosomal dominant sensorineural hearing loss and hyper-
trophic cardiomyopathy. There is a previous report of
profound prelingual autosomal dominant hearing loss
associated with FHC.”' In our pedigree, linkage and mutation
analyses implicate a missense allele (H246R) of the myosin
VI gene (MYO06). Another missense allele of MY06 (C442Y)
was recently identified as the cause of dominantly inherited
and progressive sensorineural hearing loss (DFNA22); no
other clinical features were reported in the affected indivi-
duals.'” No cardiac abnormalities were detected in affected
individuals with recessive missense mutations in MYO06
(DFNB37)."” In the mouse, mutations of Myo6 cause hearing
loss and vestibular dysfunction, with no other phenotype
reported**; however, MY06 expression in the human heart
was demonstrated by northern blot.” The cardiological
phenotype reported here may suggest that only certain
MYO6 mutations are associated with cardiomyopathy. In
our study, the cardiac findings are relatively benign and mild
in all except the proband. Unless echocardiograms and ECGs
are part of the clinical evaluation, a mild or incompletely
penetrant cardiac phenotype may be overlooked. Lastly, we
cannot exclude the possibility that the cardiac and sensori-
neural hearing loss phenotypes in family 641 are unrelated.

The histidine to arginine mutation affects the highly
conserved motor region of myosin VI. Myosin VI is a non-
muscle (unconventional) myosin with a property distinct
from most other myosins—most myosins have motor activity
towards the “plus end” of actin filaments; dimers of myosin
VI are directed towards minus end.**** Several non-muscle
myosins have been associated with human hearing.”””"

FHC typically results from mutations affecting sarcomeric
genes that encode components of the myocyte contractile
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Table 1 Clinical details on selected members of the pedigree; individuals can be identified from fig 1
ECG
Age Sensorineural
Individual (years)  MYO6 hearing loss QTc (ms) Other ECG abnormadlities ECHO
II-1 75 Mutant Yes 581 q wave in lead AVL; LVH; LAH; LBBB  Apical LVH, SAM, hyperdynamic non-
dilated
II-2 89 Mutant Yes 529 Borderline 1° HB Normal for age
1-3* 74 wild-type No 572 q in lead AVL; LVH; LAH; wide QRS Mild Al, mod MR, inferior hypokinesia
complex
-1 39 Mutant Yes 468 qin leads Ill, AVF Apica| LVH
-2 43 Mutant Yes 505 q in leads II, lll, AVR; post hemi Apical LVH, trivial SAM
block; biphasic t waves
-3 36 Mutant Yes 584 q in lead AVL; LAD; LAH; biphasic Septal LVH
t waves
III-4 50 Mutant Yes 435 Normal Normal
-5 47 Mutant Yes 459 Borderline 1° HB; LAH Normal
-6 50 Mutant Yes 510 None Not available
IV-1 12 Mutant No 509 Borderline QT elevation Normal
V-3 10 Mutant Yes 447 LAH; RAD possibly normal for age Normall
IV-6 5 Mutant Yes 424 None Normal
IV-10 28 Mutant No 425 None Normal
*|I-3 was considered a double phenocopy with presbycusis and cardiac abnormalities consistent with valvar and ischaemic disease.
Prolonged QTc durations are in bold type.
Al, cortic valve incompetence; ECHO, echocardiographic findings; LAH, left atrial hypertrophy; LBBB, left bundle branch block; LVH, left ventricular hypertrophy;
MR, mitral valve regurgitation; RAD, right axis deviation; SAM, systolic anterior motion of the mitral valve; 1° HB, first degree atrioventricular block.
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Figure 5 MYOG residue H246 is conserved across species.

apparatus.” More recently, non-sarcomeric causes of FHC
have been identified, but none of these genes encodes a
non-muscle myosin. Transgenic knockouts of non-muscle
myosin II-B develop severe structural cardiac defects
similar to human congenital heart disease, suggesting that
at least some unconventional myosins are required for
normal cardiac development.”> There is no evidence for
congenital cardiac abnormalities in the family we report
here. Rather, like the hearing abnormality, penetrance of
the cardiomyopathy is age related, suggesting it develops
as a result of prolonged abnormal myosin VI function.
Myosin VI dimerises, and the mutant protein may have
dominant negative effects, impairing the dimer’s motor
function.

Myosin VI is expressed in the human heart, although its
intracellular localisation and role(s) are not described.” In
the cochlea the function of myosin VI is unknown. Myosin VI
is found in the cuticular plate of hair cells where it may be
important developmentally and provide protection by
restraining mechanical forces.””** Myosin VI is also asso-
ciated with the Golgi complex and clathrin coated vesicles in
several cell types, and may provide motor power for
intracellular transport, exocytosis, and endocytosis.”” »*7¢
Cells lacking myosin VI function have smaller Golgi
complexes, and protein secretion is significantly reduced.’
Myosin VI is found in the leading edges of growth factor

<~ < < < I < < <

246 250

- m m m m M T
< < < < < < =< =<

O 0O 0 0 0 00
> > >» > >» > > >
QO 0 0 0 0 0
> > > > > > > >
oW »W U T O» un Ou»v wm

)
I ®m < ™ ™M O AWM A

—

stimulated fibroblasts, and it may participate in cell migra-
tion and shape changes.”” *® Finally, cell division and
morphogenesis in Drosophila are dependent on myosin VI
function.’® * Thus myosin VI contributes to a broad range of
cytoskeletal and cellular motility functions. In cardiomyo-
cytes, myosin VI is likely to participate in similar functions,
and the development of cardiac hypertrophy (and sensori-
neural hearing loss) may follow from a persistent deficiency
in one or more of these functions.

Conclusions

Progressive autosomal dominant sensorineural hearing loss
and mild cardiac hypertrophy may result from the expression
of mutant non-muscle myosin VI. Subtle cardiac manifesta-
tions may escape detection or lead to misdiagnosis in other
individuals with sensorineural hearing loss and MYO06
mutations.
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