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Abstract

Non-syndromic low frequency sensorineural hearing loss (LFSNHL) affecting only 2000 Hz and be-
low is an unusual type of hearing loss that worsens over time without progressing to profound deafness.
This type of LFSNHL may be associated with mild tinnitus but is not associated with vertigo. We have pre-
viously reported two families with autosomal dominant LFSNHL linked to adjacent but non-overlapping
loci on 4p16, DFNA6 and DFNA14. However, further study revealed that an individual with LFSNHL in the
DFNAG6 family who had a recombination event that excluded the DFNA14 candidate region was actually
a phenocopy, and consequently, DFNA6 and DFNA14 are allelic. LFSNHL appears to be genetically nearly
homogeneous, as only one LFSNHL family is known to map to a different chromosome (DFNA1). The
DFNA6/14 critical region includes WFS1, the gene responsible for Wolfram syndrome, an autosomal re-
cessive disorder characterized by diabetes mellitus and optic atrophy, and often, deafness. Herein we re-
port five different heterozygous missense mutations (T699M, A716T, V779M, L829P, G831D) in the WFS1
gene found in six LFSNHL families. Mutations in WFS1 were identified in all LFSNHL families tested, with
A716T arising independently in two families. None of the mutations was found in at least 220 control
chromosomes with the exception of V779M, which was identified in 1/336 controls. This frequency is
consistent with the prevalence of heterozygous carriers for Wolfram syndrome estimated at 0.3-1%. An
increased risk of sensorineural hearing loss has been reported in such carriers. Therefore, we conclude
that mutations in WFS1 are a common cause of LFSNHL.

INTRODUCTION

Non-syndromic sensorineural hearing loss af-
fecting high frequencies is overall a common dis-
order known to be genetically heterogeneous. In
contrast, low frequency sensorineural hearing loss
(LFSNHL) is an unusual type of hearing loss in which
frequencies at 2000 Hz and below are predominant-
ly affected. Many patients with LFSNHL have tinni-
tus which is not particularly bothersome, but there
are otherwise no associated features such as vertigo
(1-3). Because high frequency hearing is generally
preserved, LFSNHL patients retain excellent under-
standing of speech, although presbycusis or noise
exposure may cause high frequency loss later in
life. Consequently, LFSNHL is often asymptomatic,
and many patients choose not to wear hearing aids.
Although over 70 loci have been mapped in various
types of non-syndromic sensorineural hearing loss,
only a few (DFNA1, DFNA6 and DFNA14) are asso-

ciated with LFSNHL. LFSNHL linked to DFNAI is
caused by mutations in D1APH1, the homolog of
Drosophila diaphanous (4). In contrast to LFSNHL
associated with DFNA6/14, all affected individuals
in the DFNAI family become profoundly deaf by the
fourth decade of life (4,5).

DFNAG6 was mapped in a large kindred from the
United States (Family 59) with autosomal dominant
LFSNHL (1,3), and DFNA14 was mapped in a fami-
ly (Family T) of similar phenotype from The Neth-
erlands (2.6). Previously, we reported that DFNA6
and DFNA14 map to adjacent but nonoverlapping
regions on 4pl6, separated by 1.3 cM (6). We have
subsequently identified two additional families
withLFSNHL linked to DFNA6/14 (unpublished
data). Thus, with the exception of one DFNA1 family,
all described LFSNHL families are linked to 4p16.

WEFS1, the gene responsible for Wolfram syn-
drome type 1, is located on 4p 16 near marker D4S
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431 and is thus, a possible candidate gene (7,8).
Wolfram syndrome is also known as DIDMOAD to
denote the association of diabetes insipidus, dia-
betes mellitus, optic atrophy and deafness (9). Ju-
venile- onset diabetes mellitus and bilateral pro-
gressive optic atrophy are the minimal diagnostic
criteria for Wolfram syndrome (10). Other features
include renal tract abnormalities, ataxia, peripher-
al neuropathy, mental retardation and psychiatric
illness (11,12).

Hearing loss associated with Wolfram syn-
drome is typically a high frequency sensorineural
hearing loss, although low frequencies may become
affected as well (13,14). Hearing loss confined to the
low frequencies is not described in association with
Wolfram syndrome, although many reports do not
specify the frequencies affected. The age of onset is
typically between 5 and 15 years, similar to the age
of onset of hearing loss associated with DFNA6 and
DFNA14 (11).

It has been suggested that heterozygous car-
riers in Wolfram syndrome families are predisposed
to hearing loss (15). Such carriers may be fairly
common in the general population, with an estimat-
ed prevalence between 0.28 and 1% (9,11). Thus,
we investigated whether or not heterozygous mu-
tations in WFS1 cause non-syndromic LFSNHL in
families linked to DFNA6/14. In addition, because of
the near genetic homogeneity for LFSNHL, we also
studied probands with LFSNHL from small families
w’ithout a priori evidence of linkage to 4pl6.
RESULTS
DFNA6 and DFNA14 are allelic

Considering that LFSNHL is relatively rare, we
found it perplexing that two families with very sim-
ilar phenotypes were found to map to adjacent but
non-overlapping loci. To investigate this further, we
expanded the pedigree of Family 59. The audiogram
of a newly ascertained individual with LFSNHL typ-
ical of the family is shown (Fig. 1). The haplotype
analysis of key individuals in Family 59 for markers
on 4p 16 is presented in Figure 2.

A key recombination event, shared by II:1, II:3
and III:1, occurs between D4S827 and D4S431, de-
fining a centro-meric boundary. I1I:7, who was not
available for the previous study, is recombinant at
D4S2354 and telomeric, phase unknown for D4S827
and D4S431, and non-recombinant for D4S2366 and
centromeric markers. These recombinations define
a candidate region of 600 kb, between D452354 and
D4S431, overlapping the DFNA14 interval.
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Figure 1: Pure tone audiogram of 24-year-old fe-
male (111:7) from Family 59 with LFSNHL typical of
DFNA6/14 phenotype. Circles, air conduction right
ear; crosses, air conduction left ear. Masked bone
conduction curves follow air conduction curves (not
shown).

These findings contradicted previous re-
sults (3) based on data from individual 111:4 (Fig.
2). Because I1I:4 was classified as affected prior to
linkage analysis, the recombination event between
D4S412 and D4S432 places the DFNA6 interval
telomeric to D4S432. The telomeric boundary of
DFNA 14, D4S3023, is 1.3 cM proximal to D4S432,
and thus, the results from I1I:4 implied that DFNA6
and DFNA14 did not overlap (6). Ascertainment of
[1I:7, who is unambiguously affected, implied that
[1I:4 may not be truly affected, since the recombi-
nation events would predict mutually exclusive in-
tervals. Therefore, even though LFSNHL is rare and
the chance of a phenocopy unlikely, we concluded
that 111:4 is a phenocopy and that DFNAG6 is allelic
with DFNA 14. Since penetrance is complete (3), the
recombination event in unaffected individual 111:5
supports this interpretation (Fig. 2).
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Figure 2: Haplotype analysis of key individuals in
Family 59 for markers on 4pl6 (telomeric to cen-
tromeric). Shaded symbols indicate those affected
with LFSNHL. Open symbols indicate normal hear-
ing. Bars indicate haplotypes with solid black bars
denoting haplotype shared by affected family mem-
bers. Solid black line in haplotype indicates indeter-
minate phase. Centromeric boundary is defined by a
recombination event between D45827 and D4S431
(I1:1,11:3,11I:1). The telomeric boundary is defined
by a recombination event between D4S2354 and
D4S827 (111:7). 1II:4 is shaded consistent with her
affection status prior to linkage analysis, but II1:4
does not share the haplotype common to the other
affected individuals at D4S432 and below. Note that
[1I:4 and her unaffected sister III:5 share the same
maternal haplotype.

Identification of other LFSNHL families
By combining the databases from the Uni-
versity of Michigan, The Rockefeller University and
the University of Antwerp, additional families with
non-syndromic LFSNHL were ascertained (Fig. 3).
Family W (Fig. 3A), a Dutch family with autosomal
dominant LFSNHL, segregates a common haplotype
at 4p 16 (data not shown). Family 35, of Irish de-
scent, has autosomal dominant LENSHL linked to
4p 16, with a multipoint LOD score of 4.2 (Fig. 3B).
The proband of Family 19 (Fig. 3C) has moderate-
ly severe bilateral LFSNHL with documented pro-
gression. Audiologic evaluation confirmed LFSNHL
in the proband’s aunt and daughter, who was not
aware of her hearing loss until she participated in
this study. The proband of Family 21 is a child with
unilateral LFSNHL and both parents are unaffected
(Fig. 3D).
WFSI mutations are a common cause of low
frequency hearing loss
Next, we analyzed DNA from LFSNHL patients
from families without a priori evidence of linkage
to DFNA6/14. SSCP variants in exon 8 for Families
19 and 21 were sequenced. A heterozygous mis-
sense mutation 2662G—A (G831D) was found in
the proband of Family 19 (Fig. 4C), her aunt and her
daughter, and 2505G—A (V779M) was identified
in the proband of Family 21 (Fig. 4D). All five novel
mutations are heterozygous missense transitions.
At least 220 control chromosomes were as-
sayed for each variant (Table 1). Only one mutation,
V779M, was found in any control. V779M abolishes
a restriction site for HpyCH4III, and one of 90 anon-
ymous controls (20) was heterozygous for the mu-
tation.
DISCUSSION
Autosomal dominant, non-syndromic LFSNHL
associated with DFNA6/14 is delayed onset, com-
pletely penetrant and slowly progressive (1-3,6).
Whereas aging, noise exposure or drug toxicity can
cause high frequency sensorineural hearing loss,
LFSNHL appears to most commonly have a genetic
etiology. The same phenotype has been described in
other families with autosomal dominant inheritance
(21,22). A series of 41 Japanese patients with LFSN-
HL included 10 familial cases (23), and 33% of 39
Danish patients with LFSNHL had a positive family
history of hearing loss (24). LFSNHL is genetically
homogeneous with the exception of a single DFNA1
family with a more severe phenotype (4).
We have identified WFSI as the gene responsible
for LFSNHL in autosomal dominant families as well
as sporadic cases. Extensive clinical evaluation of
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the families prior to molecular genetic analysis con-
firmed a non-syndromic hearing loss without asso-
ciated features segregating with the hearing loss.
Whereas it was not possible to specifically exclude
the features of all possible hearing loss syndromes
in the subjects prior to gene identification, it is clear
that the affected subjects in this study do not have
Wolfram syndrome, since none report juvenile-on-
set diabetes mellitus or optic atrophy.

The coding sequence of WFSI is 3628 bp ar-
ranged in eight exons of which the first is non-cod-
ing (7,8). Most mutations are found to affect exon
8. by far the largest (2609 bp). Wolfram syndrome
is genetically heterogeneous, as some patients with
Wolfram syndrome lack mutations in WESI (7). A
second locus (WFS2) has been mapped to 4q22-24
(25), which might be a candidate locus for other
deafness genes. Because of genetic heterogeneity
and the frequency of non- synonymous variants in
the general population, the significance of missense
mutations may be difficult to interpret.

A significant proportion of Wolfram syndrome
patients are homozygous for WFSI null alleles
(16,17). Several Wolfram syndrome patients have
been found to be compound heterozygotes for a null
allele and a missense mutation (7,8,16). Homozy-
gous missense mutations in WFSI have rarely been
reported in Wolfram syndrome patients. Known ex-
amples include two affected siblings homozygous
for P724L (8), and one patient homozygous for
P885L, five amino acids from the C-terminus (16).

Whereas most features of Wolfram syndrome
are seen only in homozygotes, heterozygous carriers
of Wolfram syndrome have an increased incidence
of psychiatric illness, including severe depression,
suicide attempts, psychosis, dementia and violent
behavior (12,26,27). Several missense mutations in
WFSI have been identified in patients with isolat-
ed psychiatric disorders but not in normal controls
(17). Whereas LFSNHL patients in this study were
not specifically evaluated for psychiatric illness,
psychological testing and a comprehensive self-re-
port questionnaire excluded psychiatric symptoms
in the majority of Family 59 (1).

The five mutations presented here have not
been previously described in the literature or in
controls with one exception. In our study, V779M
was found in 1/336 control chromosomes. Because
the positive control is anonymous, no phenotypic
information such as hearing status is available (20).
Given the expected frequency of Wolfram syndrome
carriers in the general population (9,11), finding a
mutation at a very low frequency rate among con-
trols is not unexpected. Such carriers have been
shown to have an increased risk of hearing loss, al-
though the hearing loss did not segregate as a Men

delian trait in the family studied (15). Detailed audi-
ometric and psychiatric evaluation of heterozygous
carriers of Wolfram syndrome would be useful to
draw genotype-phenotype correlations.

WFSI encodes a protein of 890 amino acids,
wolframin, with nine putative transmembrane do-
mains. Wolframin lacks homology to other known
proteins, and its function is currently unknown
(7,8). A role in protein sorting or trafficking is hy-
pothesized, as wolframin has been localized to the
endoplasmic reticulum in cultured cells (28). WFSI
is ubiquitously expressed, but brain expression is
concentrated in certain populations of neurons,
including the ventral cochlear nucleus and inferior
colliculus. Whereas WFSI expression in the cochlea
would be expected, given that mutations in WFSI
cause both non-syndromic LFSNHL as well as hear-
ing loss associated with Wolfram syndrome, the ex-
pression pattern of WFSI in the peripheral auditory
system is not currently known. Neuropathologic
studies of Wolfram syndrome revealed loss of nerve
fibers in the cochlear nerves as well as mild neu-
ronal loss and gliosis in the auditory brainstem (29).
Further studies are necessary to determine why the
mutations described herein selectively affect low
frequency hearing, whereas the hearing loss associ-
ated with Wolfram syndrome has been reported to
affect high frequencies.

Whereas mutations that cause Wolfram syn-
drome in the recessive state may occur nearly any-
where in the protein, all mutations in LFSNHL fami-
lies were found in the portion of exon 8 that encodes
the C-terminal domain. None of the mutations that
cause hearing loss involves the N-terminal domain
or any of the nine putative transmembrane domains.
Current models of the wolframin protein predict a
membrane topology in which the C-terminus is lo-
cated on the cytoplasmic side of the endoplasmic
reticulum membrane (16). Since the function of the
wolframin protein remains completely unknown,
the mechanism by which these mutations cause iso-
lated low frequency hearing loss is yet unknown.
However, we would predict that replacing a leu-
cine with a proline would severely disrupt any sec-
ondary structure of the protein, and replacing the
smallest amino acid, glycine, with a charged residue
like aspartic acid would likewise be deleterious. All
five of the amino acids affected by these mutations
are conserved in human, rat and mouse, and both
829Leu and 799Val are conserved in Drosophila.
These mutations might act in a dominant-negative
fashion by interfering with or enhancing the specific
function of the C-terminal domain, such as protein
phosphorylation or protein-protein interactions.

The A716T mutation was found in both Family
W and Family 35 and likely arose independently,
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since the alleles carrying the mutations have dif-
ferent nucleotides at three nearby SNPs. Three mu-
tations (A716T, V779M, T699M) occurred in CpG
nucleotides, which are known to be highly mutable
in the human genome (30). It is unknown whether
or not these mutations found in LFSNHL patients
would cause the complete Wolfram syndrome in the
homozygous state.

Despite their family history, many family mem-
bers were not aware of their hearing loss until noise
exposure or aging caused loss of hearing in the high
frequencies as well. Because high frequencies im-
portant for speech discrimination are preserved,
isolated LFSNHL may be otherwise asymptomatic.
LFSNHL is difficult to diagnose by routine newborn
screening methods, as typical screening protocols
utilize stimuli of 2000 Hz and above. For these rea-
sons, we suspect that LFSNHL is likely more frequent
in the general population than currently recognized.

We have defined a subset of non-syndromic sen-
sorineural hearing loss affecting the low frequen-
cies without progression to profound deafness in
which all individuals studied were found to have
WFS1 mutations. Thus, we conclude that mutations
in WFS1 are a common cause of low frequency sen-
sorineural hearing loss.

MATERIALS AND METHODS
Patients
Four families with autosomal dominant

non-syndromic LFSNHL had a priori evidence of
linkage to 4pl6: Families 59 (1,3) and 35 (unpub-
lished data) from the United States, and Families T
(2,6) and W (unpublished data) from The Nether-
lands. Probands with LFSNHL from two additional
families (Families 19 and 21) were identified with-
out previous evidence of linkage to 4pl6. The Insti-
tutional Review Board of each institution approved
these studies and written informed consent was ob-
tained from each participant.
Genetic mapping

Patient DNA was prepared using standard
methodology from peripheral lymphocytes or buc-
cal epithelial cells (PureGene, Gentra). For fine map-
ping in Family 59, we genotyped polymorphic mark-
ers on 4p 16.3-4p 16.1: D4S169, D4S227, D4543,
D4S127, D4S412, D4S432, D4S3023. D4S2285,
D4S2354, D4S827, D4S2354, D4S431, D4S2366,
D4S2935, D4S394 and D4S3009. Marker locations
were specified according to databases at the White-
head Institute for Genomic Research, the National
Center of Biotechnology Information and the Ge-
nome Database web sites. Polymorphisms were am-
plified by PCR with [y-32P]ATP-labeled oligonucle-
otide primers. PCR reactions consisted of 20 ng o

f DNA template, 1 ul of I x PCR buffer II (Perkin Elm-
er), 0.8 ul each of 10 mM of each dNTP, 0.125 pal of
20 uM each forward and reverse primer, 0.6 utl of 25
mM MgCl2 and 0.05 pl (0.25 U) of AmpliTaq Gold®
DNA polymerase (Perkin Elmer), in a final volume of
10 pal. Conditions used for PCR were 93°C for 3 min,
then 35 cycles of 93°C for 1 min, 58-62°C for 30s,
72°C for 30 s and 72°C for 10 min. An aliquot of 1
"Ml of each reaction was mixed with 2 pl of stop for-
mamide buffer (87% formamide, 20 mM EDTA pH
8.0, 0.05% bromphenol blue, 0.05% xylene cyanol),
denaturated for 5 min at 98°C and chilled on ice. An
aliquot of 1 pl of each sample was loaded on a 6%
polyacrylamide gel containing 42% urea and run at
60 W for 2-3 h. Gels were dried and exposed to Kod-
ak X-OMAT film at room temperature overnight.
SSCP analysis

For Families 59, 19 and 21, all coding exons (2-
8) of WFS1 were screened for variants by SSCP. Thir-
teen DNA fragments corresponding to each of exons
2-7 and to seven parts of exon 8 (8-1 through 8-7)
were generated by PCR amplification of genomic
DNA using available sequences of primers (7). PCR
products were analyzed by SSCP using non-dena-
turing MDE gels (BioWhittaker Molecular Applica-
tions) overnight at 6 W and 25°C. PCR products that
displayed SSCP patterns different from control sam-
ples were then sequenced.

For Families 59, 19 and 21, control samples con-
sisted of 90 ethnically diverse samples representa-
tive of the US population of unknown hearing status
from a commercially available panel (20) and 80-90
DNAs from Caucasians. Restriction digest assays
were developed for each mutation to confirm the se-
quence, to test for segregation of the mutation with
the hearing loss and to assay controls. Restriction
enzymes used were Hpall (Promega, Madison, WI),
HpyCHA4III (New England Biolabs, Beverly, MA), and
Avall (New England Biolabs). For each assay, the rel-
evant fragment of WFS1 exon 8 was amplified using
PCR and incubated with the enzyme at 37°C for 1
h. The products were analyzed by electrophoresis
on 2% agarose gels, stained with ethidium bromide
and viewed under UV light.

The V779M mutation abolishes the HpyCH4I-
II site in exon 8-6. Digestion with HpyCH4III yields
two bands (212 and 144 bp) for the wild-type al-
lele, whereas the DNA of the mutated allele remains
uncut (356 bp). The G831D mutation creates a new
Avall site in exon 8-7. After digestion with Avall,
the wild-type allele has two bands (261 and 39 bp),
whereas the mutated allele yields three bands of
188, 73 and 39 bp.
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presentation condition, suggests to us that these
children relied primarily on visual-spatial encoding
of the target sequence to perform the task. These
results were obtained despite the fact that many of
these cochlear implant children did well on the au-
ditory WISC digit span task and on the auditory-on-
ly presentation condition of the memory game.

In summary, the present results suggest that
even those cochlear implant children who are able
to accurately identify speech signals in isolation,
may not have phonological working memory mech-
anisms or processing strategies that are devel-
oped to a point equivalent to chronologically age-
matched normal-hearing children. This outcome
would not exactly be surprising, as many important
milestones in the development of speech percep-
tion and memory are reached during the first 2 yr of
life (Aslin, Jusczyk, & Pisoni, 1998; Jusczyk, 1997).
Despite their prelingually deafened status, most of
the cochlear implant users reported on in this paper
received their implant at a point in time when the
FDA did not permit implantation of children under
2 yr of age. Additionally, because the implantation
procedure requires that candidates show a demon-
strated failure to benefit from conventional hearing
aids, we can be fairly certain that most of these 8-
and 9-yr-old children had received only minimal
auditory input for at least one quarter to one third
of their lives. It should not be surprising, then, that
the encoding strategies and working memory mech-
anisms of pediatric cochlear implant users seem to
differ measurably from those of normal-hearing
children.

Ongoing research in our lab is attempting
to describe in more detail how these encoding/re-
hearsal mechanisms differ, and what kind of devel-
opmental changes can be observed or effected in
these children. Increasingly, clinicians are beginning
to see pediatric cochlear implant users that have
reached ceiling levels of performance on the tradi-
tional standardized measures of speech perception
and spoken word recognition that are typically used
with this population—and yet these children are
still clearly having problems with reading and oth-
er more advanced language skills that are based on
listening, phonological encoding, and other meta-
linguistic abilities. Further investigation of how
pediatric cochlear implant users engage in cogni-
tive processing of information originating from this
reintroduced sensory input modality may help us
develop new assessment and treatment techniques
(Pisoni, 2000). Eventually we would like to answer
the question of whether individual differences in
the function of particular components of working
memory within the pediatric cochlear implant pop

ulation might have a meaningful causal relation to
the level of verbal language skill attained by individ-
ual children. The present research begins to address
this important issue because it provides some of the
first behavioral data on working memory in pediat-
ric cochlear implant users involving tasks in which
the potential contribution of each available sensory
modality was varied.
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