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SUMMARY

Five adult siblings presented with autosomal recessive sensorineural hearing loss: two
had high-frequency loss, whereas the other three had severe-to-profound loss affecting
all frequencies. Genetic evaluation revealed that a homozygous mutation in CDH23
(which encodes cadherin 23) caused the hearing loss in all five siblings and that a hetero-
zygous, hypofunctional variant (V586M) in plasma-membrane calcium pump PMCA2,
which is encoded by ATP2B2, was associated with increased loss in the three severely
affected siblings. V586M was detected in two unrelated persons with increased senso-
rineural hearing loss, in the other caused by a mutation in MYO6 (which encodes myo-
sin VI) in one and by noise exposure, suggesting that this variant may modify the sever-
ity of sensorineural hearing loss caused by a variety of factors.

PPROXIMATELY 1 IN 1000 CHILDREN IS BORN WITH FUNCTIONALLY SIG-
nificant sensorineural hearing loss, and another 1 in 1000 will have sensori-
neural hearing loss by nine years of age.* At least half these cases have a ge-
netic cause. There are hundreds of genes in which mutations cause sensorineural
hearing loss either as the sole clinical feature or in combination with extra-auditory
manifestations as part of a syndrome.? Some genes underlie both syndromic and non-
syndromic forms of sensorineural hearing loss: for example, recessive mutations in
CDH23 cause either the Usher syndrome (retinitis pigmentosa and sensorineural hear-
ing loss) or nonsyndromic sensorineural hearing loss.> CDH23 encodes cadherin 23, a
putative calcium-dependent adhesion molecule required for proper morphogenesis of
mechanosensitive hair bundles of the inner-ear neurosensory cells.* There can be clin-
ically significant variation in the severity of sensorineural hearing loss caused by muta-
tions in CDH23>° or other genes” or by exposure to ototoxic factors, such as noise or
aminoglycoside antibiotics.®° Modifier genes, environmental factors, or both most
likely account for these individual variations. These same modifiers may also contrib-
ute to the pathogenesis of presbycusis, which is increasingly prevalent with advanced
age but is thought to arise from complex, lifelong interactions of unknown genetic and
nongenetic factors.*®
We evaluated a family in which five siblings were affected by autosomal recessive
sensorineural hearing loss. Despite the presumably shared cause of the disorder, there
were clinically significant differences among the siblings in the severity of their hearing
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loss. We undertook this study to identify the cause
of their sensorineural hearing loss and a potential
genetic modifier of its severity. We then sought to
determine whether this same modifier might ac-
count for variations in the severity of sensorineural
hearing loss caused by other factors in unrelated
persons.

METHODS

SUBJECTS
This study was approved by the institutional review
board of the National Institute of Neurological Dis-
orders and Stroke and the National Institute on
Deafness and Other Communication Disorders, Na-
tional Institutes of Health. All the participants gave
written informed consent before participation. The
participants were members of the LMG132 family,
which is descended from European ancestors. Med-
ical-history interviews, physical examinations, video
nystagmography with caloric testing, and pure-tone
and speech audiometry were performed. The Usher
syndrome was ruled out by funduscopy and elec-
troretinography.

GENETIC ANALYSIS

Genomic DNA was extracted from venous-blood
samples (Puregene, Gentra Systems). DNA samples
were genotyped for short tandem-repeat markers
flanking known nonsyndromic recessive deafness
loci, and all exons of CDH23 were sequenced essen-
tially as described.? Primer sequences and polymer-
ase-chain-reaction amplification and sequencing
conditions for ATP2B2, which encodes the plasma-
membrane calcium pump PMCA2, are provided in
Table 1 of the Supplementary Appendix (available
with the full text of this article at www.nejm.org).
Control DNA samples were obtained from Coriell
Cell Repositories and consisted of Human Varia-
tion Panels HDO1 through HD09, HD027, and
HD100CAU (described by the repository as a panel
of samples from “self-declared Caucasians”). Our
laboratory collected additional normal control DNA
samples from 14 unrelated persons with a variety of
self-reported European ancestries.

PMCA2 FUNCTIONAL ASSAY

Expression vectors were constructed for the PMCA2a
splice isoform of PMCA2, since the former is the
predominant PMCA isoform expressed in hair bun-
dles in bullfrogs and inner-ear neurosensory cells
in rats.* Full-length human complementary DNA

fragments encoding wild-type PMCA2a or PMCA2a
with the V586M variant (in which methionine re-
places valine at amino acid position 586) were se-
quenced in their entirety and subcloned into bac-
ulovirus expression vector pVL1392 (Invitrogen).
Details of the cloning procedures are provided in
the Methods section of the Supplementary Appen-
dix. Preparation and amplification of recombinant
baculovirus, expression of PMCA2a in Sf9 cells,
preparation of microsomes, and measurement of
ATPase activity were performed as described else-
where.'? Equivalent amounts of the expressed wild-
type and mutant proteins were used in their respec-
tive reactions. The free calcium concentration was
calculated with the Maxchelator program (www.
stanford.edu/[tpatton/maxc.html).

CALCULATION OF ATP2B2Y586M FREQUENCIES
Some of the samples used to calculate ATP2B2V586M
frequencies were derived from members of the
same families. To avoid duplicative counting of al-
leles that were identical by descentamong members
of the same family, we examined each pedigree to
deduce the numbers of independent wild-type and
ATP2B2Vs86M glleles. If we could not determine
whether two sampled alleles were identical or not
identical by descent, we defined minimum and max-
imum possible values, respectively, which were
used to calculate high and low composite estimates
of the frequency of ATP2B2V586M in the entire group
of samples. Since the frequency of the ATP2B2V586M
allele was low and no homozygotes were detected,
carrier frequency was approximated by doubling
the allele frequency.

CASE REPORT

Five affected offspring (42 to 55 years of age) of a
consanguineous union in Family LMG132 had
autosomal recessive, nonsyndromic sensorineural
hearing loss, with normal vestibular and retinal
function (Fig. 1A). All five siblings had severe-to-
profound high-frequency sensorineural hearing
loss that had begun, according to their recollection,
in the first decade of life, after the initial develop-
ment of speech and language, and that had steadily
progressed to current levels during the subsequent
decade. However, there were two different pheno-
types among the siblings: Subjects II-4 and II-6 had
normal low-tone hearing, whereas Subjects II-1,
I1-9, and I1-10 had severe-to-profound low-frequen-
cy loss that had begun in the first or second decade
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Figure 1. CDH23 Genotypes and Phenotypes of Members of Family LMG132.

Panel A shows the pedigree of five affected siblings, the offspring of a consanguineous union (double line), who were homozygous for the
F1888S mutation (S) of CDH23. The 25-year-old child of a first cousin of the siblings had nonsyndromic, congenital, severe-to-profound sen-
sorineural hearing loss affecting all frequencies (not shown). She was a compound heterozygote for F1888S and a novel frame-shift mutation
(8882_8883insT) in CDH23. Solid symbols indicate persons with nonsyndromic sensorineural hearing loss, and symbols with a slash indi-
cate deceased family members. Panel B shows electropherograms of wild-type (Subject 11-5), heterozygous (Subject 11-2), and homozygous
(Subject 11-10) genomic nucleotide sequences with respect to the missense mutation F1888S in exon 42 (arrows). Panel C shows the align-
ment of cadherin 23 amino acid sequences including and flanking F1888 (arrowhead) from Homo sapiens (Hs), Mus musculus (Mm),
Rattus norvegicus (Rn), Gallus gallus (Gg), Danio rerio (Dr), and Tetraodon nigroviridis (Tn) (GenBank accession numbers AAG27034,
AAG52817, NP_446096, XP_421595, NP_999974, and CAG04741, respectively). The alignment program ClustalW was used. Identical resi-
dues are indicated by dark shading and conservatively substituted residues by light shading. Amino acids are denoted by their single-letter
codes. Panel D shows pure-tone air-conduction thresholds for the better-hearing ear of Subjects -1 through 11-11. Bone-conduction thresh-
olds were consistent with the presence of sensorineural hearing loss (data not shown). Arrows indicate that there was no response to a stim-
ulus at the highest tested level. Normative 90th percentile pure-tone thresholds are from International Organization for Standardization pub-
lication 1SO 7029.*2 dB HL denotes decibels hearing level. Audiometric profiles are grouped according to CDH23 and ATP2B2 genotypes,
where S denotes the F1888S mutation and M the V586M variant.
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oflife and that had been followed by steady progres-
sion to current levels during the subsequent few
decades (Fig. 1D). The latter group relied on sign
language, lip-reading, hearing aids, or a cochlear
implant for communication, in contrast to the two
siblings whose intact low-frequency and midfre-
quency hearing permitted oral and auditory com-
munication without hearing aids. There was no his-
tory of exposure to aminoglycoside antibiotics,
ototoxic noise levels, head trauma, or systemic or
otic infections that could account for the sensori-
neural hearing loss in the five affected siblings.

RESULTS AND DISCUSSION

CDH23 DEAFNESS IN FAMILY LMG132

All five affected siblings were homozygous for short
tandem-repeat markers linked to CDH23 on chro-
mosome 10g22.1 (data not shown). Genomic nu-
cleotide-sequence analysis of CDH23 exons in the
affected siblings revealed homozygosity for a point
mutation (5663T-C; GenBank accession number,
AY010111) in exon 42, predicted to resultin the sub-
stitution of serine for phenylalanine at amino acid
position 1888 (F1888S; GenBank accession num-
ber, AAG27034) in the extracellular domain of cad-
herin 23 (Fig. 1B). This phenylalanine residue is
conserved in mouse, rat, and chicken cadherin 23
(Fig. 1C) but is not located within the motifs in-
volved in calcium-mediated intermolecular associ-
ations among cadherins.'* The CDH23¥1888s/F1888s
genotype cosegregated with sensorineural hearing
loss in Family LMG132, and the CDH23F18885 mu-
tation was not detected in 108 European (“Cauca-
sian”) control samples.

ATP2B2 AS A MODIFIER OF CDH23 DEAFNESS

IN FAMILY LMG132

Avariety of recessive mutations of Cdh23 cause pro-
found deafness and vestibular dysfunction in ho-
mozygous waltzer mice,* whereas another allele of
Cdh23, called ahl, underlies less severe, age-related
hearing loss in many inbred mouse strains.*® The
severity of this age-related hearing loss is signifi-
cantly increased by heterozygosity for the dfw? deaf-
waddler allele of Atp2b2,2® which encodes PMCA2,
the predominant PMCA of hair bundles. This inter-
action has been attributed to a reduction in PMCA2
activity that results in a decrease in extracellular cal-
cium concentrations around hair bundles, where
calcium-dependent, cadherin-mediated adhesion is
thought to occur.1”18

Figure 2 (facing page). V586M Allele of ATP2B2.

Panel A shows ATP2B2-linked short tandem-repeat
marker (D3S3611, D353601, and D353589) haplotypes
and ATP2B2 genotypes of each member of generation Il
of Family LMG132. Solid symbols indicate persons with
severe-to-profound sensorineural hearing loss across all
frequencies, and shaded symbols persons with normal
low-tone hearing thresholds and severe-to-profound
sensorineural hearing loss at high frequencies. Subjects
11-1, 11-9, and 11-10, all of whom had severe-to-profound
hearing loss affecting all frequencies, were heterozygous
for the haplotype that cosegregates with V586M (M)
(black bars). The green, blue, and open bars represent
different haplotypes. Panel B shows electropherograms
of wild-type (Subject I1-4) and heterozygous (Subject II-
10) genomic nucleotide sequences with respect to the
missense substitution V586M in exon 12 of ATP2B2
(arrow). Panel C shows the alignment of amino acid se-
quences including and flanking V586 (arrowhead)

of ATP2B2 orthologues and paralogues: Homo sapiens
(Hs) PMCA2, Mus musculus (Mm) PMCA2, Rattus nor-
vegicus (Rn) PMCA2, Oreochromis mossambicus (Om)
PMCA2, H. sapiens PMCAL, R. norvegicus PMCAL, Oryc-
tolagus cuniculus (Oc) PMCAL, Sus scrofa (Ss) PMCAL,
Bos taurus (Bt) PMCAL, H. sapiens PMCA3, M. musculus
PMCA3, R. norvegicus PMCA3, Procambarus clarkii (Pc)
PMCA3, H. sapiens PMCA4, M. musculus PMCA4, and
R. norvegicus PMCA4 (GenBank accession numbers
NP_001674, NP_033853, P11506, P58165, P20020,
P11505, Q00804, NP_999517, NP_777121, Q16720,
NP_796210, XP_343840, AAR28532, NP_001001396,
NP_998781, and NP_001005871, respectively). The
alignment program ClustalW was used. Identical resi-
dues are indicated by dark shading, and conservatively
substituted residues by light shading. Amino acids are
denoted by their single-letter codes. Panel D shows the
calcium ATPase activity of wild-type PMCA2a and
PMCA2aV585M in the absence or presence of 300 nM cal-
modulin. Three ATPase experiments were performed for
each expressed protein from three microsomal prepara-
tions of two different expressed-protein preparations.
Representative data are shown from one of the three ex-
periments. The slope and standard error of the determi-
nation of activity were calculated by linear regression.

We hypothesized that one or more alleles of
ATP2B2 modify the severity of sensorineural hear-
ingloss caused by CDH23¥18885/F1888s, DNA samples
from Subjects II-1, II-4, 1I-6, 1I-9, and II-10 were
genotyped for short tandem-repeat markers linked
to ATP2B2. The resulting haplotypes were consis-
tent with a model in which a dominant allele of
ATP2B2 (Fig. 2A, black haplotype bar) exacerbates
sensorineural hearing loss in a manner analogous
to the interaction between the dfiw?/ allele of Atp2b2
and the ahl allele of Cdh23 in mice. Nucleotide-
sequence analysis of ATP2B2 exons in CDH23F1888S
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homozygotes revealed that heterozygosity for a
point mutation in exon 12 (2075G-A; GenBank
accession number, NM_001683) was linked to this
haplotype. The 2075G—A mutation is predicted to
result in the substitution of methionine for valine
at amino acid position 586 (V586M; GenBank ac-
cession number, NP_001674) in the T4-T5 intra-
cellular catalytic loop of PMCA2 (Fig. 2B). Molecular
modeling of V586M based on the three-dimension-
al structure of the closely related sarcoplasmic retic-
ulum calcium pump predicts that substitution with
the sterically larger methionine side chain distorts
packing underneath the ATP-binding interface or

increases its projection from the external solvent-
exposed surface of the nucleotide-binding domain
(data not shown).

The valine residue at position 586 is complete-
ly conserved among mouse, rat, and fish PMCA2
orthologues, and either valine or a conservatively
substituted residue (isoleucine) is present at this
position in all known PMCA1 and PMCA3 amino
acid sequences (Fig. 2C). Mouse and rat PMCA4 has
methionine at this residue, but PMCA?2 has a faster
calcium-activation time than PMCA4.? Since up-
regulation and relocation of PMCA1 and PMCA4 to
stereocilia do not rescue auditory function in dfw?
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deaf-waddler mice, the faster calcium-activation
time of PMCA2 may be required for normal hear-
ing.’” When expressed as a recombinant baculovi-
rus protein in Sf9 cells, human PMCA2aV586M has
approximately 50 percent of the calcium ATPase
activity of wild-type PMCA2a (Fig. 2D).

Studies of heterozygous deaf-waddler mice dem-
onstrate that partial loss of PMCA2 activity is expect-
ed for an allele that modifies, but is not itself suffi-
cient to cause, hearing loss. The dfw allele product
contains a pathogenic amino acid substitution in
the T2-T3 cytoplasmic loop; this product retains
approximately 30 percent of wild-type PMCA2 activ-
ity.2° Atp2b2dfwl+ mice have normal hearing thresh-
olds, whereas mice that are heterozygous for loss-
of-function alleles (dfw? and dfw3/) of Atp2b2 have
functionally significant sensorineural hearing loss
on the same genetic background.*® Analogous to
Atp2b24f, ATP2B2V586M i not itselfa dominant deaf-
ness-causing allele, since two siblings with normal
hearing in Family LMG132 (Subjects II-5 and II-11)
were ATP2B2V>86M heterozygotes (Fig. 1D and 24).

ATP2B2Y586M AS A MODIFIER OF OTHER FORMS

OF HEARING LOSS

To explore the phenotypic consequences of the
ATP2B2V586M gllele further, we screened 57 affect-
ed members of unrelated families with various
progressive hearing-loss phenotypes and identi-
fied ATP2B2Vs86M jn 1 subject. The affected
ATP2B2V586M heterozygote (Subject IV-6 described
by Mohiddin et al.?*) had age-related hearing loss
associated with a dominant missense substitution
of MYO6. She had low-frequency (0.25-, 0.5-, and
1-kHz) hearing loss that was more severe than
would be predicted by linear regression estimates
of sensorineural hearing loss as a function of age in
her affected relatives (Fig. 3A). We also identified
three ATP2B2V586M heterozygotes, all of European
ancestry, among 128 (119 self-reported European)
unaffected members of families with a variety of oth-
er phenotypes. Two of these ATP2B2"586M carriers
had normal hearing (Fig. 3B and 3C), but the third
had a history of occupational and recreational noise
exposure and high-frequency sensorineural hearing
loss thatwas highly characteristic of noise-induced
ototoxicity (Fig. 3D). Four of the 125 subjects who
did not carry the ATP2B2V586M gllele also had audio-
metric phenotypes consistent with noise-induced
sensorineural hearing loss (data not shown). All
four ATP2B2V586M carriers with normal hearing (Sub-
jects II-5 and II-11 of Family LMG132 [Fig. 1D] and

the two carriers described above [Fig. 3B and 3C])
reported that they had no history of noise exposure.
Although we cannot conclusively correlate the sen-
sorineural hearing loss in the carrier with noise ex-
posure (Fig. 3D) with the ATP2B2v586M+ genotype,
it has been reported that heterozygosity for a null
allele of Atp2b2 predisposes mice to noise-induced
sensorineural hearing loss.?

The allele frequency of ATP2B2V>86M was cumu-
latively estimated in the European members of Fam-
ilyLMG132 and these cohorts. The lowest and high-
estestimates of allele frequency for the entire group
were 4 of 258 (1.6 percent; 95 percent confidence
interval, 0.6 to 3.9 percent) and 5 of 218 (2.3 per-
cent; 95 percent confidence interval, 1.0 to 5.2 per-
cent), respectively. The differing estimates arose
from ambiguities in the segregation, and thus the
independence, of alleles within some pedigrees.
The corresponding low and high heterozygous
carrier frequencies were deduced to be 4 of 129
(3.1 percent; 95 percent confidence interval, 1.3 to
7.7 percent) and 5 of 109 (4.6 percent; 95 percent
confidence interval, 2.0 to 10.3 percent), respective-
ly. In agreement with these findings, we also de-
tected ATP2B2V>86M in 4 of 87 normal “Caucasian”
control samples from an independent source (Co-
riell Cell Repositories) (4.6 percent; 95 percent con-
fidence interval, 1.9 to 11.2 percent). We did not
detect ATP2B2V586M jn 87 normal Pakistani control
samples, but we did detect ATP2B2V586M in 3 of 84
DNA samples from a Human Diversity Panel (Cori-
ell Cell Repositories) representing 10 ethnic back-
grounds. All three ATP2B2V586M+ samples were from
asubgroup of five Pima Indian samples in this panel,
although we could find no literature on hearing loss
in Pima Indians. These carrier frequencies are con-
sistent with a potential role for ATP2B2V>86M or other
alleles of ATP2B2 in the etiology of presbycusis.

Although the interaction of a heterozygous dfw
allele with a hypomorphic Cdh23 allele in ahl strains
of mice suggests that ATP2B2"586M could act as a
dominant modifier allele in humans, our results do
not formally rule out a model in which itis a reces-
sive modifier allele that, in combination with an-
other haplotype in Family LMG132 (Fig. 2A, green
haplotype bars), exacerbates sensorineural hearing
loss. Itis possible that important sequence variants
within noncoding regions of this allele were missed
by our genomic sequencing protocol. Nonetheless,
our study indicates that ATP2B2V586M or other al-
leles of ATP2B2 may be general modifiers of a vari-
ety of human hearing-loss phenotypes that are due
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to genetic determinants, environmental factors, or
combinations of these influences. Since CDH23
and MYO6 mutations and ototoxic noise directly af-
fect sensory hair cells of the inner ear,>*?3 the ef-
fects of ATP2B2V586M may be confined to sensori-
neural hearing loss characterized by pathologic
processes affecting primarily the hair cell. Although
audiometric differences in ATP2B2V586M carriers are
most obvious with respect to low-frequency hear-
ing in Family LMG132 (Fig. 1D) and in the family
with a MYO6 mutation (Fig. 3A), the lack of detect-
able high-frequency hearing in ATP2B2V586M carri-
ers in Family LMG132 (Subjects II-1, II-9, and
I1-10) and the sensorineural hearing loss in the
ATP2B2V586M carrier with noise exposure (Fig. 3D)
raise the possibility that ATP2B2V586M can modify
hearing loss at all frequencies. Additional studies

are needed to address these questions and to pro-
vide accurate genetic, prognostic, lifestyle, and oc-
cupational (i.e., noise avoidance) counseling as well
as communication-rehabilitation counseling based
on ATP2B2 genotype results.
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