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Novel Mutation in the KCNQ4 Gene in a Large
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Analysis of genotyping of a five-generation American family with nonsyndromic dominant pro-
gressive hearing loss indicated linkage to the DFNA2 locus on chromosome 1p34. This kindred
consists of 170 individuals, of which 51 are affected. Pure tone audiograms, medical records, and
blood samples were obtained from 36 family members. Linkage analysis with five microsatellite
markers spanning the region around DFNA2 produced a lod score of 6.6 for the marker MYCL1
at @ = 0.0. Hearing loss in this family showed a very similar pattern as the first reported American
family with the same linkage. High frequency hearing loss was detectable as early as 3 years of age,
and progressed to severe to profound loss by the fourth decade. Using intronic primers, we screened
the coding region of the KCNQ4 gene. Heteroduplex analysis followed by direct sequencing iden-
tified a T—>C transition at position 842, which would produce an L281S amino acid substitution.
The observed mutation was shown to segregate completely with affected status in this family. The
1281 residue is significantly conserved among the other members of the voltage-gated K* channel
genes superfamily. Hydrophobicity analysis indicated that L2818 substitution would lower forma-
tion of the B structure at the P region of this ion channel. Mutation analysis of KCNQ4 was also
performed on 80 unrelated probands from families with recessive or dominant nonsyndromic
hearing loss. None of these cases showed a truncated mutation in KCNQ4. Hum Mutat 14:493—
501, 1999. © 1999 Wiley-Liss, Inc.
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INTRODUCTION

Deafness is one of the most common commu-
nication disorders. Approximately one out of ev-
ery 1,000 children is born with a significant degree
of hearing loss. Hearing impairment is both ge-
netically and clinically heterogeneous. It is esti-
mated that up to 60% of the cases of profound early
onset hearing loss are caused by genetic factors and
about 75-80% of the hereditary cases are
nonsyndromic. Among nonsyndromic forms of
hearing loss, almost 10-15% are transmitted as
autosomal dominant traits [Van Camp et al.,
1997a,b]. Loci responsible for this form of heredi-
tary hearing loss are designated as DENA. To date,
at least 19 different DFNA loci have been local-
ized by genetic linkage analysis (http://dnalab-
www.uia.ac.be/dnalab/hhh/). However, only nine
genes have been identified: HDLA1,G]B3,
KCNQ4, GJB2 (Cx26), DFNA5, TECTA, COCH-
5B2, MYOT7A, and POU4F3 [Lynch et al., 1997,
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Xia et al., 1998; Kubisch et al., 1999; Kelsell et al.,
1997; Van Lear et al., 1998; Verhoeven et al., 1998;
Robertson et al., 1998; Liu et al., 1997; Vahava et
al., 1998]. Except for MYOT7A, Cx26, and TECTA,
mutations in these genes have been reported to
cause solely a nonsyndromic dominant type of
hearing impairment.

We studied an extended American family
(2177) with autosomal dominant nonsyndromic
progressive sensorineural hearing loss (DPHL).
Affected individuals experienced an early-onset
high frequency hearing loss that progressed with
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age to include middle and lower frequencies. The
hearing loss gene in family 2177 was linked to the
DENAZ2 locus which was identified on chromo-
some 1p34 on the basis of linkage analysis in two
families with DPHL, originating from Indonesia
and the USA [Coucke et al., 1994].

Recently, two different genes in the DFNA2 re-
gion have been reported with mutations causing
hearing loss. Xia et al. [1998] reported a missense
and a nonsense mutation in a novel connexin pro-
tein (Cx31) (GJB3, MIM# 603324) responsible for
the nonsyndromic autosomal dominant hearing loss
in two small Chinese families. This connexin gene
was localized to chromosome 1p34 and consisted of
two exons. Later, Kubisch et al. [1999] identified a
novel, voltage-gated K* channel family (KCNQ4,
MIM# 603537) in the same region, and a missense
mutation was found causing autosomal dominant
hearing loss in a small French family. The KCNQ4
gene consists of 14 exons which encodes a protein
with 695 amino acid residues.

Mutation screening in family 2177 was performed
for these two genes by heteroduplex analysis and
confirmed by direct sequencing of PCR products.
The results revealed a novel missense mutation in

KCNQ4 that segregated with the hearing loss.

MATERIALS AND METHODS
Clinical Diagnosis

Diagnosis of progressive sensorineural hearing
loss was based on pure tone audiometry, question-
naire information, and review of medical records.
Pure tone audiometry was performed on every fam-
ily member who participated in this study. Some
family members were screened by portable audi-
ometer and a certified audiologist verified any ab-
normal findings. Others provided copies of
audiograms that were taken by an audiologist. Fam-
ily members with unilateral or age-related hearing
loss (onset over 60 years of age) were not included
in the linkage analysis. Individuals with sensorineu-
ral hearing loss who may have been subjected to

environmental factors such as noise exposure were
also excluded from this study.

DNA Analysis

Blood samples were obtained following informed
consent from 36 family members, 20 affected and
16 unaffected. A panel of 96 samples from normal
population screened as a control. Genomic DNA
was extracted from the blood samples by standard
phenol extraction. Microsatellite markers from
ABI Prism panels were used for genotyping on an
ABI 377 DNA Sequencer. Fine mapping was also
performed using five additional markers linked to
the DFNA2 gene (see Table 1). The LINKAGE
program version 5.1 [Lathrop et al., 1984] was uti-
lized to calculate two-point lod scores. Haplotypes
were constructed to confirm the linkage and lo-
cate crossover points.

Mutation Screening

Mutation analysis was performed on genomic
DNA. PCR was conducted using primers flanking
the exons for Cx31 and KCNQ4 genes. Primer
sequences were obtained from Xia et al. [1998]
for Cx31, and were kindly provided by Dr. T.
Jentsch for KCNQ4. All PCRs were done in a to-
tal volume of 50 pl containing 1x PCR buffer, 200
UM dNTPs, 0.5 UM (each) primer, and one unit
of Taq polymerase enzyme. Amplified fragments
of each primer set were investigated for mutation
by heteroduplex analysis using MDE gels (FMC
Bioproducts, Rockland, ME). Ethidium bromide
at a concentration of 1 pg/ml was used to stain
the MDE gels. For direct sequencing, PCR prod-
ucts were purified by Microcon ultrafiltration
(Amicon, Beverly, MA). DNA sequencing was
performed on fragments having a heteroduplex
band to determine the cause(s) and nature of the
extra band using ABI Prism Big Dye Terminator
Kit. For cloning of the GATA-P18584 alleles, a
TA cloning kit (Invitrogen, Carlsbad, CA) was

utilized.

TABLE 1. Two-Point Lod Scores for Linkage Between Hearing Loss and Microsatellite Markers in Family 2177*

0.20 0.25 0.30 0.35 0.40 0.45

Marker/6 0.0 0.05 0.10 0.15
D1S255 2.81 2.50 2.19 1.87
D1S432 -99.99 3.37 3.17 2.85
AFMB338WG5 3.67 3.01 2.92 2.52
MYCL1 6.60 5.99 5.35 4.70
GATA-P18584 6.18 5.59 4.98 4.36
D1S193 6.39 5.78 5.14 4.49
D1S197 0.35 2.90 2.74 2.44

1.56 1.24 0.94 0.66 0.40 0.18
2.46 2.05 1.62 1.19 0.78 0.37
2.11 1.70 1.30 0.92 0.57 0.25
4.03 3.35 2.67 1.98 1.30 0.62
3.73 3.09 2.45 1.83 1.20 0.52
3.82 3.14 2.46 1.77 1.10 0.46
2.09 1.69 1.28 0.86 0.44 0.10

*Two-point lod scores at different recombination fraction (8) between the disease gene and polymorphic markers on chromo-
some 1p34. Lod score for the GATA-P18684 was calculated with excluding individual IV-12.



Protein Structure Analysis

The PEPTIDSTRUCTURE program from the
graphical user interface of the Wisconsin package
(Seqlab) was used for protein analysis (http://
www.gcg.com/). Two methods, SSP (segment ori-
ented secondary structure prediction) and SSPAL
(nearest neighbor with local alignments second-
ary structure prediction) from the Sanger web site
(http://genomic.sanger.ac.uk/) were utilized for
secondary structure prediction.

RESULTS

A five-generation American family (2177) with
nonsyndromic dominant progressive hearing loss
was studied. This family was of European descent
and traced its ancestry to Austria. Hearing loss in
family 2177 has been reported as early as age 3
beginning with the high frequencies and affecting
the middle and low frequencies later in life. In gen-
eral, the hearing-impaired individuals showed an
audiogram with sloping configuration beginning
after 1000 HZ. A high frequency hearing loss of at
least 50 dB was diagnosed in several of the affected
members by the age of 6. Tinnitus was reported by
most of the affected members. No other clinical
symptoms were diagnosed.

In the initial genome screen, lod scores of 2.81
at © = 0.0 was obtained for D1S255 and 2.90 at 6
= 0.05 for D1S197. These markers are known to
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span the DFNAZ2 locus. Therefore, for fine map-
ping five additional markers were typed from this
region (see Table 1). These markers were consis-
tent with linkage and one of these, MYCLI, pro-
duced a maximum lod score of 6.6 at 8 = 0.0.
These data clearly indicated linkage of the hear-
ing loss to the DFNA2 locus in this family.

After gene localization, haplotyping was per-
formed to detect recombination within this chro-
mosomal segment (Fig. 1). Occurrence of two
informative recombinations in family members I1I-
5 and IV-13 localized the gene between the mark-
ers AFMB338WG5 and D1S193. All of the
affected individuals inherited the disease haplo-
type, and no cases of phenocopy were found. How-
ever, haplotyping detected an inconsistency in
individual IV-12 for marker GATA-P18584. Single
alleles from this marker were cloned. Sequencing
of these alleles revealed that the marker consisted
of a segment with the tandem GATA repeats. An
expansion in the allele, which was transmitted
from the father, was noticed, explaining the ob-
served allele mismatch. The allele, which segre-
gated with the disease haplotype in this family,
had 12 repeats of GATA while individual IV-12
had 13 repeats of GATA in this polymorphic
marker (data not shown). All other markers were
consistent with the stated paternity and the af-
fected haplotype.
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Pedigree of family 2177 with the haplotyping. All affected members in the family share the disease haplotype

(black bar). An asterisk shows incompatibility for the marker GATA-P18684. Recombinations observed between markers

are indicated with change in the bar color.
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In order to identify the responsible gene for hear-
ing loss in family 2177, connexin 31 and KCNQ4
were each considered as a candidate gene. To look
for mutation in these genes, their coding regions
were amplified from genomic DNA samples. The
coding sequence of the Cx31 gene is transcribed
from a single exon. Therefore, two primers,
cx31dg2 and cx31af, were used to amplify the cod-
ing region of this gap junction protein [Xia et al.,
1998]. No mutation was detected for the Cx31
gene by heteroduplex analysis.

-
i

To detect a possible mutation in the KCNQ4
gene, exon-flanking primers were used to amplify
all 14 coding exons. Heteroduplex analysis of the
PCR products, which amplified exon 6, produced
heteroduplex bands in affected members of the
family (Fig. 2A). Sequencing of these amplimers
revealed a missense mutation (842 T — C) which
would produce an amino acid substitution (L281S)
(Fig. 2B). In addition, two silent nucleotide sub-
stitutions, P291P and T293T, linked to the muta-
tion were also noticed. Genomic DNA from 36
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Mutation detection by heteroduplex analysis, sequencing, and restriction enzyme digestion. A: Heteroduplex

analysis of exon 6 shows a hetero band in affected samples compared with unaffected. B: Sequences of the sense-strand
in the wild-type and mutated alleles are shown. C: PCR amplification products from exon 6 of the KCNQ4 gene after
digestion with the enzyme Tagl. This enzyme cuts DNA at T/CGA sequences and was used to confirm 842 T—C missense
mutation. In wild-type, digestion vields fragment of 270 bp (lane 1). In the heterozygote mutant after Taql digestion there
are also fragments of 170 and ~100 bp (lane 2). These bands are not present in the normal allele (lane 1). This restriction
enzyme digestion assay could be used as a fast technique to detect the 842 T—C missense mutation. The 3D feature was

used to enhance the gel image.



members of the family was sequenced from exon 6
to study segregation of the 842 T - C mutation
with the hearing loss. All 20 affected individuals
had inherited this missense mutation and it was
not found in unaffected family members, nor in 96
control samples.

Restriction enzyme mapping was done to iden-
tify whether a digestion assay would detect the 842
T - C mutation. A restriction site was created by
this substitution and was detected by the Tagl en-
zyme. Digestion with this enzyme cut PCR prod-
ucts of exon 6 from the mutated allele and
produced two additional bands on a 2% agarose
gel. The wild-type allele was not cut with the Taql
enzyme and migrated as a single band on the aga-
rose gel (Fig. 2C).

To investigate the impact of the L281S amino
acid change, the effect of this substitution was ex-
amined for the secondary structure of the KCNQ4
peptide. A 40 residues segment of the protein repre-
senting the P region, including the mutated leucine
in its middle, was analyzed with the PEPTI-
DSTRUCTURE program. Changing the L - S in-
creased the hydrophilicity in at least three residues
upstream and downstream of this position. It was

A.

AA* H AA® H
W -0.657 W ~-0.657
G -0.671 G -0.671
T -0.671 T -0.014
I -0.700 I -0.043
T -0.729 T -0.071
L -1.429 S -0.771
T -1.471 T -0.814
T -0.643 T 0.014
I -0.686 I ~-0.029
G 0.357 G 0.357
Y 0.814 Y 0.814

H= Hydrophilicity according to the Kyte-Doolittle
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expected that the observed change in the hydrophi-
licity would create a noticeable change in the sec-
ondary structure of the KCNQ4 protein. Results of
using both SSPAL and SSP methods indicated that
L2818 substitution would truncate formation of the
B3 structure at this part of the protein (Fig. 3).

Mutation Screening of KCNQ4 Gene for
Dominant and Recessive Nonsyndromic
Hearing Loss

To investigate whether mutation in the KCNQ4
gene is involved in hearing loss in other families,
DNA samples from 80 unrelated probands with
inherited nonsyndromic hearing loss were screened
for the KCNQ4 gene. Twenty of these samples
belonged to families with a dominant pattern of
inheritance and 60 samples to the families with a
recessive form of disease. Mutation in KCNQ4
gene was not identified in any of these samples.
However, 10 sequence variations were detected in
the coding regions of the gene without changing
the amino acid codon (Table 2). In addition, one
nucleotide change (1365 G- T) was noticed in
the coding region of exon 10, which would lead to
a nonconservative substitution (Q455H). This

*Amino acid segment of the P region from the wild type channel protein
®Amino acid segment of the P region from the mutated channel protein

B.

Ssp?

P=29
BBBBBBBBB
Wild type allele DSLWWGTITLTTI..
P=2.0
BBBBBBB
Mutated allele DSLWWGTITSTTI..

*SSP= Segment oriented secondary structure prediction

®SSPAL= Nearest neighbor with local alignments secondary structure prediction

DSLWWGTITSTTI..

FIGURE 3. Hydrophobicity effect and
secondary structure prediction. A: Hy-
drophilicity of a segment of the KCNQ4

SSPAL® that includes the L281 residue. There
are differences in the hydrophilicity of
this segment of the protein in the trun-

BBBBB cated versus the normal channel. The
DSLWWGTITLTTT. Partswith this discrepancy are enclosed

in the box. B: The probability for for-

mation of the B structure is predicted

to be 2.9 in the normal protein vs. 2.0
BBB in the L281S mutation based on the
SSP method. Reduction in strength of
the B strand is also seen in the trun-
cated protein by using the SSPAL
method.
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TABLE 2. Sequence Variations and Polymorphisms in the
KCNQ4 Gene Found in This Study*

Nucleotide Amino acid

Exon change change Region Frequency
5 777 C-T A259A S5 34/66 T/C
6 841 T-C L281L  Pore 10/90 C/T
6 873 G-A P291P  Pore 15/86 A/G
6 879 A-G T293T P/S6 15/85 G/A
7 972 G-A L324L S6 2/98 A/G
9 1188 C-T P396P Distal to S6 2/98 T/C

10 1347 G-A T449T  Distal to S6 2/98 A/G

10 1365 G-T Q455H Distal to S6 25/75 T/G
10 1473 C-T F491F Distalto S6 2/98 T/C
12 1657 C-T L553L  Distal to S6 10/90 T/C

12 1665 G-A P555P  Distal to S6 10/90 A/G

*The KCNQ4 potassium channel protein consists of six trans-
membrane domains (S1-S6) and a pore (P) region.

glutamine is not a conserved residue among other
potassium channel genes. Thus, it was not ex-
pected that the observed substitution would have
any influence on function of the channel. This
change was seen in the heterozygous state in some
of these cases and in the controls. Nevertheless,
one sample from a consanguineous family with
recessive inheritance of hearing impairment
showed this change in a homozygous state. To as-
sess segregation of the Q455H substitution with
the disease gene in this family, DNA samples from
one affected and one unaffected sib of this proband
were screened. The results did not show segrega-
tion of the Q455H with the recessive form of hear-
ing loss in that family (data not shown).

DISCUSSION

In family 2177, a gene responsible for hearing
loss showed linkage to the DENA2 (1p34) locus
with maximum lod score of 6.6 for the marker
MYCLI at © = 0.0. This is the second American
DPHL family reported with linkage to the DFNA2
gene. We excluded Cx31 as the causative gene for
the hearing loss in this family. Recently, Kubisch
etal. [1999] identified a mutation (G285S) in exon
6 of a novel K* channel (KCNQ4) in a small
French family with autosomal dominant hearing
loss. We have found another missense mutation
(L281S) in this exon as the etiology of the hearing
loss in our DENA2 family. Simultaneously, Coucke
et al. [1999] reported mutations in the KCNQ4
gene in four DFNA2 families.

As in other voltage-gated K™ channels (Kv
channel), the KCNQ4 protein is created from six
transmembrane alpha helices (S1-S6). The func-
tioning channel is thought to consist of four sepa-
rate subunits that come together to form a pore (P
region) between them. The conducting region of

the open channel is formed by a stretch of amino
acids, the P region that connects the putative S5
and S6 helices. Hydrophobicity analysis of the pri-
mary sequence of the voltage gated K channels
suggests that the amino acids which form the P
region are intercalated into the membrane and
form two antiparallel B strands. Since a Kv chan-
nel is formed from four O subunits, the B strand is
repeated by four of these motifs and creates the
pore [Catterall, 1988; Stevens, 1991].

The L281S substitution is a nonconservative
change. Leucine is a more hydrophobic amino acid,
while serine has a hydrophilic characteristic. The
more hydrophobic amino acids are usually found
buried within the interior of the protein structure.
X-ray analysis on the K" channel from Streptomyces
lividans (KesA K* channel) provided evidence that
the extracellular part of the pore is mainly lined by
hydrophobic amino acids [Doyle et al., 1998]. Thus,
the L - S substitution is expected to yield a signifi-
cant interruption in the pore structure of the
KCNQ4 channel. Hydrophobicity analysis suggested
that observed substitution would increase the hy-
drophilicity and would influence the secondary
structure by decreasing the formation of the [3
strands. Changes in the secondary structure may
result in a significant alteration of folding and func-
tion of the protein. To further investigate influence
of this mutation at the protein structure level, the
3D structure needs to be studied.

KCNQ4 is the fourth member of the KCNQ gene
subfamily to be identified in humans. The first gene
from this subfamily, known as KVLQT1, is associ-
ated with the inherited long QT syndromes and is
characterized by a prolonged QT interval in the elec-
trocardiogram. Mutations in this gene also cause a
recessive long QT syndrome known as Jervell and
Lange-Nielsen (JLN) syndrome [Neyroud et al.,
1997]. Affected individuals in addition to cardiac
abnormalities have congenital deafness. The
KCNE1 gene, which encodes an accessory subunit
for KVLQT and modulates the gating kinetics of
the active channel, also has been found to be in-
volved in JLN syndrome [Tyson et al., 1997]. Re-
cently, two other members of this family, KCNQ2
and KCNQ3, were cloned and shown to cause a
form of hereditary epilepsy [Singh et al., 1998;
Charlier et al., 1998].

Most mutations have been found in the P region
of these KCNQ channels, suggesting that this re-
gion is highly sensitive to the changes. Comparison
of the amino acid residues among different mem-
bers of the Kv superfamily channels indicates exist-
ence of conserved regions. In Figure 4, the stretch
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Organism Reference
KT P 291 Human gi|4262523
K Y P 285 Human gb|AAD16988
KT P 324 Human gi14028015
KV P 320 Human gi|2465531
K T P 317 Caenorhabditis elegans gi|1945495
K TP 277 Human gi|2801450
M Y P 380 Mouse sp|P1l6388
I Y P 381 Human splQl4721
M Y P 445 Rat pir|s17150
M Y P 444 Human ref |NP0O04969
M V P 380 Mouse pir|A39372
V Y P 430 Aplysia californica gi| 688438
I R P 404 Mesocricetusauratus gi|1438971
K V P 255 Mouse sp|P97414

FIGURE 4. Multiple alignment of KCNQ4 and homologous genes in the P region. The L281 residue, which is mutated in
family 2177, is indicated in bold. This leucine is significantly conserved among other gene family, and would replace
methionine in mKv1.1, hKv2.1, rKv3.1, hKv3.4, mKv4.1, aKv5.1, and Kv8.1, or valine in KVLQT1 and mKv1.9. Both of
these amino acids are nonpolar, which indicates the essential role of a hydrophobic residue at this position. Residues

homologous to L281 in the KCNQ4 are boxed.

of amino acids forming the P region of the KCNQ4
molecule is compared with its homologous region
from the other voltage-gated K™ channels. The
L281 residue is semiconserved in these channels,
which implies that the nonconservative L2818 sub-
stitution is the disease-causing mutation.

In the report of the identification of KCNQ4
and its role in hereditary deafness, Kubisch et al.
[1999] presented evidence that this gene is active
only in the outer hair cells of the cochlea. How-
ever, there are reasons to question this restrictive
cellular localization. RT-PCR analyses for expres-
sion of the four isoforms of the KCNQ subfamily
were presented which demonstrated that all but
KCNQ?2 were expressed in the vestibular and co-
chlear end-organs. The authors reconciled the RT-
PCR results, which indicated that mouse KCNQ4
was expressed in vestibular tissue, by suggesting
the vestibular RNA preparation was contaminated
by cochlear cells (i.e., OHCs). However, another
possibility is that mKCNQ4 is expressed elsewhere
in the inner ear. In situ hybridization of inner ear
tissue could have resolved this issue, but only co-
chlear tissue was examined. In addition, the ma-
jority of the signal in the OHCs were at the apical
ends, while typically in situ hybridization studies
of the cochlea have demonstrated a uniform peri-
nuclear cytoplasmic staining in hair cells [Lewis

etal., 1998; Safieddine and Wenthold, 1997]. Only

the first two rows of OHCs were stained, while
the third row showed no signal. A faint signal ap-
pears to be present in IHCs, thereby suggesting that
there may be low levels of expression in these cells.
Prolonging the alkaline phosphatase staining re-
action may have revealed the presence of low abun-
dance KCNQ4 message in [HCs. In the cochlea
there are at least three major cell types which dis-
play a variety of ion channels. These are the neu-
rosensory epithelium, marginal cells of the stria
vascularis, and the neurons of the spiral ganglion
[Lin, 1997; Moore et al., 1996; Santos-Sacchi,
1993; Sanguinetti et al., 1996; Mammano et al.,
1995; Kros et al., 1998; Eatock and Riisch, 1997;
Sunose et al., 1994; Shen and Marcus, 1998;
Wangemann et al., 1995]. Of these three cell types,
ganglion cells were not represented in the micro-
photography. The innervating vestibular ganglion
and cochlear spiral ganglion cell, which are present
within the inner ear, are likely cell types which
could also express the KCNQ-associated channels.
Therefore, the expression pattern of the KCNQ4
needs to be further studied in the cochlea.

The function of KCNQA4 is not yet known. How-
ever, the impact of disease-causing mutations could
be investigated by considering their phenotypic
expression. Despite the complete penetrance of the
L281S mutation in family 2177, the resulting phe-
notypes were not exactly the same among affected
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family members. Review of the audiograms re-
vealed significant differences in age of onset and
level of hearing loss, at least in some affected mem-
bers. Individual V-1 is a 13-year-old without any
previous report of hearing impairment. Surpris-
ingly, her first pure tone audiometry indicated
moderate bilateral hearing loss of 40-50 dB at high
frequencies. A second audiogram was taken 2
months later to confirm the result of original
screening. The hearing loss was confirmed in this
individual, and later mutation screening proved
her affected status. By contrast, all three affected
offspring of individual IV-9 had documented hear-
ing loss as early as 3 years old. They are severe to
profoundly hearing-impaired in early childhood
with a 60-80 dB loss at high frequencies. This sub-
stantial difference in the manifestation of the
mutated gene suggests involvement of another fac-
tor, such as mtDNA [Fischel-Ghodsian, 1999],
other nuclear gene(s), or environmental factors
as a secondary cause that together produce the
phenotypic variability. Environmental factors such
as noise exposure and ototoxic agents have been
shown to have a deleterious effect on the auditory
system. However, considering the magnitude of this
dissimilarity and age of subjects, it is more likely that
other genetic factors contribute, rather than solely
environmental influences. All three affected offspring
of individual IV-9 share almost the same mitochon-
drial DNA. Thus, the first possible explanation would
be accumulation of mtDNA mutations that geneti-
cally predispose these individuals to hearing loss.
Other genomic mutations might also be taken
into consideration. It has been proven that muta-
tions in Cx26 could account for 50% of childhood
nonsyndromic recessive hearing loss, with a car-
rier rate of 2.8% [Kelley et al., 1998]. Abe et al.
[1999] found a significantly higher ratio of Cx26
mutations in families with the A1555G mtDNA
mutation compared to a control population. Indi-
viduals with both mutations had more severe hear-
ing loss, suggesting that the connexin 26 mutation
might be an aggravating factor in the phenotypic
expression of the aminoglycoside-induced hearing
loss due to the A1555G mtDNA mutation. Thus,
it is reasonable to hypothesize that Cx26 muta-
tions or other nuclear genes play similar roles in
causing the clinical variation in family 2177. A
third factor could be the presence of different
isoforms or splice-variants of potassium channel
subunits such as those observed for KCNQ2
[Nakamara et al., 1998]. KCNQ4 can also form a
heteromeric channel with KCNQ3 subunits. There
is some evidence that mutated KCNQ4 produces

a dominant negative effect on expression of wild-
type subunits [Kros et al., 1998]. If indeed there
were more than one active isoforms of any of these
subunits, some might be more resistant to this
negative effect, and lead to less reduction in chan-
nel current activity.

Finally, several studies have indicated that single
nucleotide polymorphisms (SNPs) in the coding
regions may play a role in disease susceptibility.
These apparently neutral polymorphisms would
not alter the protein structure, but may have an
effect on the stability or translation rate of the rel-
evant mRNA. Inheritance of a specific haplotype
for a set of SNPs in a gene may produce suscepti-
bility to a genetic disease.

In the present study, we identified a novel muta-
tion in the P region of the KCNQ4 potassium chan-
nel which yielded dominant nonsyndromic hearing
loss. In addition, 11 sequence variations in the cod-
ing regions were found. Highly heterogeneous ones
(SNPs) could be considered as a marker in popula-
tion studies [Kruglyak, 1997].
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