Table I. Primer sequences for PAX3.
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Exon 1 Forward
Reverse
Exon 2 Forward
Reverse
Exon 3 Forward
Reverse
Exon 4 Forward
Reverse
Exon 5 Forward
Reverse
Exon 6 Forward
Reverse
Exon 7 Forward
Reverse
Exon 8 Forward
Reverse
Exon 9a Forward
Reverse
Exon 9b Forward
Reverse
Exon 10-11 Forward
Reverse

5-TGTAAAACGACGGCCAGTAGAGCAGCGCGCTCCATTTG-3’
5-CAGGAAACAGCTATGACCGCTCGCCGTGGCTCTCTGA-3
5-TGTAAAACGACGGCCAGTAAGAAGTGTCCAGGGCGCGT-3
5-CAGGAAACAGCTATGACCGGTCTGGGTCTGGGAGTCCG-3’
5-TGTAAAACGACGGCCAGTTAAACGCTCTGCCTCCGCCT-3
5’-CAGGAAACAGCTATGACCGGGATGTGTTCTGGTCTGCCC-3’
5-TGTAAAACGACGGCCAGTAATGGCAACAGAGTGAGAGCTTCC-3’
5-CAGGAAACAGCTATGACCAGGAGACACCCGCGAGCAGT-3’
5-TGTAAAACGACGGCCAGTGGTGCCAGCACTCTAAGAACCCA-3’
5-CAGGAAACAGCTATGACCGGTGATCTGACGGCAGCCAA-3’
5-TGTAAAACGACGGCCAGTTGCATCCCTAGTAAAGGGCCA-3’
5-CAGGAAACAGCTATGACCGGTGTCCATGGAAGACATTGGG-3
5-AACTATTATTTCATCAGTGAAATC-3’
5-ATTCACTTGTATAAAATATCCACC-3’
5-TGTAAAACGACGGCCAGTTGAAGCCAGTAGGAAGGGTGGA-3’
5-CAGGAAACAGCTATGACCTGCAGGTTAAGAAACGCAGTTTGA-3’
5" TGTAAAACGACGGCCAGTTTGATACCGGCATGTGTGGC-3’
5-CAGGAAACAGCTATGACCTGCAGTCAGATGTTATCGTCGGG-3’
5-TGTAAAACGACGGCCAGTCACAACTTTGTGTCCCTGGGATT-3
5-CAGGAAACAGCTATGACCGGGACTCCTGACCAACCACG-3’
5-TGTAAAACGACGGCCAGTGCAAATGGAATGTTCTAGCTCCTCG-3
5-CAGGAAACAGCTATGACCGGTCAGCTCCAGGATCATATGGG-3’

sequences of the PAX3 and PAX5 paired domains
were 79% homologous. The predicted PAX3 struc-
ture and the p.I59F mutation structure were super-
imposed on the backbone atoms of the PAX5 paired
domain-DNA complex and displayed using the
extensible visualization system, UCSF Chimera [12].

Results

In family 1, the proband, a 9-month-old male, was the
first child of unrelated Japanese parents. Abnormal

responses were found upon newborn hearing
screening in the left ear, and left hearing loss was
diagnosed by ABR. On physical examination, dysto-
pia canthorum was noted, with a W-index of 2.77.
The patient’s mother also had dystopia canthorum,
with a W-index of 2.68. She also had a history of early
graying that started at age 16 years. She had not been
diagnosed with WS1. According to the parents,
10 members of this family, including the proband
and the mother, showed clinical features consistent
with WS1 (Figure 1). ABR performed in the proband

o7
[alb] a.heterochromia irides b. congenital hearing loss
@

c. early graying

d. dystopia canthorum

Figure 1. Pedigree of family 1. The proband is indicated by an arrow. The individuals we examined personally are indicated by a bar over the
symbol. Phenotypes observed in this family are indicated symbolically as detailed below the pedigree.
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revealed normal hearing in the right ear and no
responses to 105 dB click stimuli in the left ear.
Computed tomography (CT) of the temporal bone
showed normal structures in the inner, middle, and
outer ears.

Genetic analysis of PAX3 was conducted in this
family, and direct sequencing of PAX3 revealed a
heterozygous mutation, ¢.175A>T, in the proband
and his mother. This mutation resulted in a missense
mutation, p.I59F (Figure 2A). The proband’s father
did not harbor this mutation. p.I59F is located within
exon 2 and is part of the paired domain of PAX3,
which is a critical region for interaction between
transcription factors and target DNA (Figure 2B).
A multiple alignment of PAX3 orthologs at this region
demonstrated that 159 was evolutionarily conserved
among various species (Figure 2C). The p.I59F
mutation was not identified in any of the 184 alleles
from the normal control subjects. This mutation was
predicted to be ‘probably damaging’ according to
PolyPhen-2 software.

The predicted 3D structures of the paired domain
of the PAX3-DNA complex indicated that the
PAX3 paired domain binds to the corresponding
DNA (white double helixes) via hydrogen bonds
(pink lines) at the N-terminal of o-helixl (H1), o-
helix2 (H2), and oa-helix3 (H3) (indicated in
blue; Figure 3A). 159 is located in the middle of
H1, H2, and H3 and is surrounded by hydrophobic
residues (green) protruding from H1, H2, and H3.
Because the van der Waals radius of phenylalanine
(Figure 3C; white arrows) is larger than that of iso-
leucine (Figure 3B, white arrowheads), F59 repels the
surrounding hydrophobic residues by van der Waals
forces and increases the distance between F59 and the
surrounding hydrophobic residues, resulting in struc-
tural distortion of the DNA-binding site of PAX3.
Since this site is precisely shaped for maximal binding
to the corresponding DNA, this mutation is likely to
reduce the binding ability of the paired domain of
PAX3 and cause WSI. A mutational search found the
same mutation in another Japanese family [8].

In family 2, the proband, a female aged 4 years and
4 months, was the first child of unrelated Japanese
parents. Abnormal responses were found upon new-
born hearing screening in the right ear, and right
hearing loss was diagnosed by ABR. On physical
examination, dystopia canthorum, medial eyebrow
flare, and a white forelock were noted. She was
admitted to hospital suffering from ketotic hypogly-
cemia of unknown cause when aged 4 years. Her
mother presented with heterochromia iridis, dystopia
canthorum, and medial eyebrow flare, and her grand-
mother presented with early graying that started at
around 20 years of age, dystopia canthorum, and
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Figure 2. The p.I59F mutation of PAX3 detected in family 1. (A)
Sequence chromatogram for the proband and unaffected control.
A heterozygous A to T transversion (red arrowhead) that changes
codon 59 from ATC, encoding isoleucine (I), to TTC, encoding
phenylalanine (F), was detected in the proband butnot in the control
(green arrowhead). (B) Localization of the p.I59F mutation and
functional domains of PAX3. (C) A multiple alignment of PAX3
orthologs. Regions of amino acid sequence identity are shaded gray.
The position of 159 is indicated by an arrow and shaded yellow.

medial eyebrow flare. According to the grandmother,
the father of the grandmother also had dystopia
canthorum and medial eyebrow flare. The pedigree
of family 2 is shown in Figure 4. The grandmother
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Figure 3. The predicted structure of the PAX3 paired domain-
DNA complex. (A) The stereo view indicates that the mutated
residue was surrounded by hydrophobic residues (green) protrud-
ing from H1, H2, and H3 of the paired domain (blue), which binds
to DNA (white, sugar; blue, nitrogen; red, oxygen). The pink lines
indicate hydrogen bonds. Magenta and yellow residues indicate
159 and F59, respectively. (B, C) The colored spheres indicate the
van der Waals surface boundaries, the radius of the hydrophobic
residues is shown in green, I59 is shown in magenta and is also
indicated by arrowheads, and F59 is shown in yellow and is also
indicated by arrows.

and her father had never been diagnosed with WS1.
Pure tone audiometry of the proband showed severe
hearing loss in the right ear and normal hearing in the
left ear. The results of ABR and distortion product

Genetic analysis of PAX3 for diagnosis of WS1 349

otoacoustic emissions in the proband were compatible
with those obtained for pure tone audiometry.
Because direct sequencing of PAX3 in the proband
and her grandmother revealed no mutations, we con-
ducted MLPA analysis to search for a large deletion of
PAX3, and found that the copy number of all tested
exons (exons 1-9) of PAX3 was half that of the
number of other chromosomal regions in both sub-
jects (Figure 5A). In control subjects, all tested exons
of PAX3 showed the same copy number as the other
chromosomal regions (Figure 5B). To determine the
size of the deleted region, quantitative PCR was
performed at 12 sequence-tagged sites on chromo-
some 2q36, which includes PAX3. In the proband,
copy numbers at nine sites in the middle of the tested
region (white arrows) were half that of those examined
in normal controls, but the copy numbers at three of
the sites near the 5’ and 3’ ends of the tested region
(black arrows) were identical to those examined in
normal controls (Figure 6). This result demonstrated
that the chromosomal region spanning 1759-2554 kb
at 2q36, which includes the whole PAX3 gene, was
deleted in one of the alleles of the proband. The same
results were detected in the grandmother. A search for
the deleted region revealed that this region contained
between 12 and 18 genes, including PAX3.

Discussion

The heterozygous missense mutation, p.I59F, was
identified in family 1. The pathogenicity of a novel
or rare missense mutation in the causative gene is not
necessarily verified even when the mutation is absent
from a large number of normal controls, when the
residue is evolutionary conserved among different
species, or if the mutation is associated with the
phenotype within a family, because an identified

P

b. congenital hearing loss

@ a. heterochromia irides
Lcld] c. early graying or white forelock d. dystopia canthorum

* medial eyebrow flare

Figure 4. Pedigree of family 2. The proband is indicated by an arrow. The individuals we examined personally are indicated by a bar over the
symbol. Phenotypes observed in this family are indicated symbolically, as detailed below the pedigree.
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Figure 5. Results of MLPA analysis of PAX3 in family 2. (A, B) Relative ratios of DNA quantity in each exon compared with that in the control

region are shown for the proband (A) and control (B).

missense mutation may be a rare normal variant.
Thus, the pathogenicity of such mutations needs to
be verified by detection of the same mutation in
multiple families with the same phenotype or by
functional analysis. The functional consequences of
a few PAX3 mutations have been tested and reduced
DNA-binding properties have been reported [13-15].
The p.I59F mutation was reported in a Japanese
family [8], but functional analysis has not been con-
ducted. We analyzed the predicted 3D structures of
the paired domain of the PAX3-DNA complex and
showed that this mutation was likely to distort the
structure of the DNA-binding site of PAX3 and lead
to functional impairment. This result substantially
supports the hypothesis that the p.I59F mutation is
pathogenic, although it is based on a theoretical
prediction rather than functional experiments.

In family 2, the distinct phenotypes of the pro-
band, the proband’s mother, and the proband’s

2,5?4kb

grandmother were congenital unilateral hearing
loss, heterochromia iridis, and early graying, respec-
tively. Because of these differences, they were not
aware of the hereditary nature of the symptoms.
Identification of the PAX3 mutation in the proband
and the proband’s grandmother led to an accurate
diagnosis of WS1 and facilitated understanding of
the symptoms. In this family, direct sequencing of
PAX3 did not detect any mutations, but MLPA
analysis detected a large heterozygous deletion. Fur-
thermore, quantitative PCR analysis revealed that the
deleted region spanned 1759-2554 kb and included
12-18 genes. Large deletions of PAX3 in patients with
WS1 have been reported in several families [6,16-18].
To our knowledge, however, this is the largest dele-
tion identified in patients with WS1 and has, there-
fore, expanded the spectrum of PAX3 mutations.
There is no reported correlation between the nature
of the mutation (deleted vs truncated or missense) or
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Figure 6. Genetic map showing the estimated location of the PAX3 deletion together with the regions surrounding PAX3. Sites examined by
quantitative PCR are indicated by arrows. Blank and white arrows indicate that the quantities of DNA at these sites are half or identical to the
quantities of DNA at the corresponding sites in the control, respectively. The 5" and 3’ ends of the deletion are located within the blue regions
flanking the white region, designated as ‘deletion,” and flanked by the green regions, designated as ‘no deletion.” All genes mapped within this

region, including PAX3, are shown in the lower map.
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its location in PAX3, and the severity of the
WS1 phenotype [19,20]. Similarly, no evidence of
such a correlation was found in the data presented in
this study.

In the present study, PAX3 genetic diagnosis con-
tributed to the accurate diagnosis of WS1. Such
diagnosis could help provide genetic counseling to
patients with isolated or few phenotypic symptoms,
those with mild phenotypes or few first-degree rela-
tives, or those who have yet to develop any symptoms.
In addition, analysis of the predicted 3D structure of
PAX3 facilitated the verification of pathogenicity of a
missense mutation, and MLPA analysis increased the
sensitivity of genetic diagnosis of WS1.
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Article history: Genetic mutation is one of the causative factors for idiopathic progressive hearing loss. A patient with
Received 28 January 2013 late-onset, moderate, and high-frequency hearing loss was found to have a novel, heterozygous KCNQ4
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mutation, ¢.806_808delCCT, which led to a p.Ser260del located between S5 and the pore helix (PH).
Molecular modeling analysis suggested that the p.Ser269del mutation could cause structural distortion
and change in the electrostatic surface potential of the KCNQ4 channel protein, which may impede K+
transport. The present study supports the idea that a non-truncating mutation around the N-terminus
of PH may be related to moderate hearing loss.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Currently, 50 loci and 27 responsible genes for autosomal dom-
inant non-syndromic hearing loss (DFNA) have been identified [1].
KCNQ4 is one gene that can cause DFNA, type 2 (DFNA2, OMIM:
600101) [2,3]. Patients with mutations in this gene present pro-
gressive sensorineural hearing loss starting in the high frequency
range. KCNQ4 (OMIM: 603537) is a voltage-gated KQT-like potas-
sium channel. It modulates the resting membrane potential of
the outer hair cells, a type of auditory sensory cell. A functional
KCNQ4 channel consists of four subunits. Each subunit contains
six putative domains that span the cellular membrane (S1-S6), a
K+-selective pore region consisting of S5, S6, a pore helix (PH),
and a pore-loop (P-loop) domain, and N- and C-terminal regions
[3].

So far, 11 missense mutations, one nonsense mutation, and
three small deletion mutations in KCNQ4 have been reported to
be associated with hearing loss. Understanding the molecular
pathology resulting from each KCNQ4 mutation would be benefi-
cial in predicting the clinical course of KCNQ-related hearing
loss. KCNQ4 mutations can be divided into non-truncating and

Abbreviations: DFNA2, nonsyndromic autosomal dominant sensorineural deaf-
ness type 2; KCNQ4, potassium voltage-gated channel; KQT-like subfamily, member
4; ABR, auditory brainstem response.

* Corresponding author. Fax: +81 3 3412 9811.
E-mail address: matsunagatatsuo@kankakuki.go.jp (T. Matsunaga).

0006-291X/$ - see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.bbrc.2013.01.118

truncating mutations (Table 1). Most of the KCNQ4 non-truncating
mutations in the pore region are associated with severe hearing
loss, except for a non-truncating mutation at the N-terminus of
PH, p.Tyr270His, which has been associated with moderate hearing
loss [13]. In an electrophysiological study, co-expression of wild-
type KCNQ4 with each non-truncating mutation associated with
severe hearing loss, including p.Leu274His, p.Trp276Ser, p.Leu281-
Ser, p.Gly285Cys, p.Gly285Ser, p.Gly296Ser, p.Gly321Ser, and
p-Gly322_Leu327del, has been shown to result in significantly re-
duced or non-detectable current [14]. These results indicate that
the severe hearing loss in patients carrying these heterozygous
mutations is due to a dominant negative effect. On the other hand,
the protein products of two KCNQ4-truncating mutations,
p.GIn71SerfsX138 and p.GIn71fs, lack structural motifs, such as
transmembrane domains, and are probably not synthesized from
these alleles. Moderate hearing loss in patients carrying these
mutations in the heterozygous allele has been considered to be
due to haploinsufficiency [3,11].

We identified a novel heterozygous KCNQ4 non-truncating
mutation, c.806_808delCCT, that leads to deletion of a serine resi-
due at position 269 (p.Ser269del), located in the region between S5
and the PH of the protein. Unlike other patients with KCNQ4 non-
truncating mutations, the patient who carried this mutation pre-
sented moderate hearing loss. Previously, we reported that a pa-
tient having KCNQ4 with p.Try270His, which is located next to
Ser269, showed moderate hearing loss [13], raising the possibility
that mutation at or proximal to the N-terminus of PH is associated
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Table 1
KCNQ4 mutations affecting the pore region of the channel protein in DFNA2 families.
Exon Nucleotide Amino acid Protein domain Onset (y) Progression Severity Mechanism Refs.
Non-truncating 5 Missense c.778G>A p.Glu260Lys S5 1-20 Yes sV Unknown [9]
mutation 5 c.785A>T p-Asp262Val S5-PH 1-20 Yes sV Unknown [9]
5 c.808T>C p.Tyr270His N-terminus of PH 0 Yes MD Unknown [13]
5 c.821T>A p.Leu274His PH 1-20 Yes sV D.N.E. [12]
5 c.827G>C p.Trp276Ser PH 1-20 Yes N D.N.E. [3-5]
6 c.842T>C p.Leu281Ser PH 1-20 Yes N D.N.E. [6]
6 c.853G>T p.Gly285Cys P-loop 1-20 Yes sV D.N.E. [3]
6 c.853G>A p.Gly285Ser P-loop 1-20 Yes NY D.N.E. [2]
6 ¢.859G>C p.Gly287Arg P-loop 1-20 Yes N D.N.E. [7]
6 c.886G>A p.Gly296Ser S6 1-20 Yes sV D.N.E. [8]
7 c.961G>A p.Gly321Ser S6 1-20 Yes sV D.N.E. [3]
4 Deletion  c.664_681del18 p.Gly322_Leu327del S5 1-20 Yes N D.N.E. [10]
5 c.806_808del3  p.Ser269del S5-PH 1-20 Yes MD See This
discussion  study
Truncating 1 Deletion  c.211dell p.GIn71SerfsX138 N-terminal Unknown Yes MD H.IL? [11]
mutation cytoplasmic
1 c.212_224del13 p.GIn71fs N-terminal 1-20 Yes MD HIL? [3]
cytoplasmic
5 Nonsense C.725G>A p.Trp242X S5 1-20 Unknown % Unknown 9]

SV: severe, MD: moderate D.N.E.: dominant negative effect, H.I.: haploinsufficiency,

with moderate hearing loss. In this study, we used molecular mod-
eling to elucidate the molecular mechanism underlying moderate
hearing loss associated with KCNQ4 harboring the p.Ser269del
mutation.

2. Materials and methods
2.1. Subjects

All procedures were approved by the Ethics Review Committee
of National Mie Hospital and National Tokyo Medical Center, and
were conducted after written informed consent had been obtained
from each individual.

2.2. Clinical analysis

Hearing level was measured by pure tone audiometry and evalu-
ated by averaging four frequencies, 500, 1000, 2000, and 4000 Hz in
the better hearing ear and was classified according to the criteria of
GENDEAF (moderate, 41-70 dB; severe, 71-95 dB) [1]. Clinical infor-
mation, such as age of onset and presence of progression, was gath-
ered from the medical records. Computed tomography (CT) and
magnetic resonance imaging (MRI) were done to check whether the
patient had an inner ear anomaly and/or retrocochlear disease. Audi-
tory brainstem response (ABR) and distortion product otoacoustic
emission (DPOAE) were also examined to evaluate inner ear function.

2.3. Genetic analysis

KCNQ4 was selected as the candidate gene on the basis of clin-
ical features, including onset of hearing loss, audiogram patterns,
imaging studies, and hereditary pattern [15]. Prior to this study,
the patient was confirmed to have neither GJB2 mutations, the
most common causative gene of hereditary hearing loss, nor mito-
chondrial m.1555A>G and m.3243A>G mutations. Genomic DNA
was extracted from blood samples using the Gentra Puregene
Blood kit (QIAGEN, Hamburg, Germany). PCR primers specific for
KCNQ4 (GenBank NG_008139, NCBI Build37.1) were selected from
the resequencing amplicon probe sets (NCBI). All of the exons, to-
gether with the flanking intronic regions, of KCNQ4 were analyzed
by bidirectional sequencing using an ABI 3730 Genetic Analyzer
(Applied Biosystems, CA, USA) and the ABI Prism Big Dye Termina-
tor Cycle Sequencing kit (Applied Biosystems). The sequences were
characterized using SeqScape software v.2.6 (Applied Biosystems)

PH: pore helix.

and DNASIS Pro (Hitachisoft, Tokyo, Japan). Control DNA was ob-
tained from 96 Japanese subjects with normal hearing.

2.4. Molecular model analysis

To predict the effects of the mutation on the KCNQ4 channel,
molecular modeling of KCNQ4 was performed as previously de-
scribed [13]. The crystal structure of Kv1.2 (PDB ID: 3LUT, chain B)
[16] was used as the structural template for modeling of the KCNQ4
sequence based on sequence homology as determined through Gap-
ped BLAST [17] and PDBsum [18]. The pore regions of wild-type
KCNQ4 and the p.Ser269del mutation were modeled using SWISS-
MODEL Workspace [19] and validated using the Verify 3D Structure
Evaluation server [20,21]. The models were each superimposed onto
Kv1.2 using Chimera [22] to visualize ribbon models with electro-
static surface potentials and the hydrogen bonds of either wild-type
KCNQ4 or KCNQ4 with the p.Ser269del mutation.

3. Results
3.1. Clinical features

The proband was a 25-years-old female in a pedigree of autoso-
mal dominant progressive hearing loss (Fig. 1A). She has become
conscious of progressive bilateral hearing loss, since she has become
20 years-old. At 24 years-old, severe mixed hearing loss with high
frequency dominance was found in the right ear by pure tone audi-
ometry. An air-bone gap was considered to have resulted from an
operation for a right cholesteatoma at 8 years of age. Moderate sen-
sorineural hearing loss with high frequency dominance was found in
the left ear (Fig. 1B). No other symptoms accompanying the hearing
loss were identified. ABR showed a threshold of 90 dB in the left ear,
and no response at 90 dB in the right ear. DPOAE showed a response
only at 1000 Hz in the left ear and no response in the right ear. CT and
MRI failed to reveal deformity of the inner ear or structural abnor-
mality in the central auditory pathway.

3.2. Novel mutation of KCNQ4

Sequencing analysis of KCNQ4 from the patient identified a het-
erozygous deletion of three nucleotides, CCT, at position 806-808
(c.806_808delCCT). The deletion mutation causes a change of ami-
no acid residues from Ser268-Ser269-Tyr270 to Ser268-Tyr269
(p.Ser269del) without a frameshift (Fig. 2A). Ser269 was located

367



T. Watabe et al./ Biochemical and Biophysical Research Communications 432 (2013) 475-479 477

A B (M)
2 12% 2%0 S00 1000 2000 4000 ROOD
-10
0
I 10 1|
20
MET x i
1 2 40 P LV LS - 1
I ;
= ‘:

Fig. 1. Clinical information. (A) Pedigree of a family carrying heterozygous KCNQ4 with the c.806_808delCCT (p.Ser269del) mutation. Individuals with hearing loss are
indicated by filled symbols. The arrow indicates the proband. (B) Pure tone audiogram from the proband at 25 years old. Open circles with line: air conduction thresholds of
the right ear; x with dotted line: air conduction thresholds of the left ear; left bracket: bone conduction thresholds of the right ear; right bracket: bone conduction thresholds
of the left ear. Arrows indicate the non-detectable hearing level by profound hearing loss.
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Fig. 2. Partial electrophoretogram of exon 5 of KCNQ4 with the partial protein sequence for KCNQ4. (A) A partial electrophoretogram of exon 5 of KCNQ4 from an individual
with normal hearing (above) and the proband with the heterozygous c.806-808delCCT mutation (below). The positions of the heterozygotic deletion of CCT at 806-808 and
the resulting amino acid deletion (p.Ser269del) are indicated. (B) Sequences of the orthologous KCNQ4 pore region are aligned. Positions highlighted in gray indicate the
residues identical to human KCNQ4. The position of Ser269 is enclosed by a red square. The positions of S5, pore helix (PH), S6 (wavy lines) and the P-loop (straight line) are
shown below the sequences. (C) Schematic topology of KCNQ4. Putative domains, including transmembrane regions (S1-S6), channel pore region, PH, P-loop, and A-domain
are indicated. Position of Ser269 is indicated by a red circle. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

in the region between the putative S5 and PH, a highly conserved found neither on the Exome Variant Server [23] nor in the control
region among animal species (Fig. 2B and C). This mutation was group of 96 unrelated Japanese individuals with normal hearing.
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Fig. 3. Partial structural model of KCNQ4 and the p.Ser269del mutation. (A and B) The ribbon models of (A) wild-type KCNQ4 subunit and (B) KCNQ4 subunit with the
p.Ser269del mutation overlaid with their corresponding electrostatic surface potential. Red or blue area: negatively or positively charged residues, yellow dot circle:
negatively charged surface potential on the N-terminal region of the pore helix (PH). (C and D) Ribbon models of (C) wild-type KCNQ4 and (D) KCNQ4 with the p.Ser269del
mutation. Green lines: putative hydrogen bonds; yellow arrows: hydrogen bonds within S5 and PH; purple spheres: potassium ions. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

3.3. Predicted structural change in KCNQ4 caused by the p.Ser269del
mutation

The ribbon model of the wild-type KCNQ4 subunit overlaid with
the corresponding electrostatic surface potential demonstrated
that the surface of the N-terminal region of PH is negatively
charged because of the negatively charged side chains of Ser269
and Asp272 (Fig. 3A). The model of KCNQ4 with the p.Ser269del
mutation demonstrated reduction of the negatively charged sur-
face area in this region (Fig. 3B). Reduction of the electrostatic sur-
face potential in this area has been predicted to impede K+
transport because of the long range electrostatic attractive force
between PH and K+ [13]. In addition, hydrogen bonds on the C-ter-
minus of S5 and the N-terminus of PH of wild-type KCNQ4 (Fig. 3C,
yellow arrows) were absent in KCNQ4 with the Ser269del muta-
tion (Fig. 3D). Loss of the hydrogen bonds around the N-terminus
of PH resulted in shortening of the PH and was attributed to desta-
bilization of a-helix formation [24]. The disrupted helices would
affect the structural stability of the pore region and lead to abnor-
mal channel function.

4. Discussion

Most of the KCNQ4 non-truncating mutations affecting the pore
region are associated with severe hearing loss. However, we found
that the non-truncating p.Tyr270His [14] and p.Ser269del muta-

tions were associated with moderate hearing loss. KCNQ4 muta-
tions at or proximal to the N-terminus of PH are suggested to be
associated with moderate hearing loss, because this site is pre-
dicted to have relatively smaller influence than other pore regions,
such as S5, S6, the central region of PH, and the P-loop, on KCNQ4
channel function.

The molecular pathology associated with the p.Ser269del muta-
tion, demonstrated in silico, indicates a reduction in the negatively
charged electrostatic surface potential and structural distortion of
the pore region by the mutated KCNQ4, which may explain the
associated moderate hearing loss. The molecular mechanism in
this case is likely to be a mild dominant negative effect resulting
from the relatively small influence of KCNQ4 with the p.Ser269del
mutation on the normal channel subunit. However, another possi-
bility is haploinsufficiency resulting from the loss of function of
KCNQ4 with the p.Ser269del mutation. This scenario, which would
not affect the functioning of the other channel subunits, cannot be
excluded.

5. Conclusion

We found a novel heterozygous KCNQ4 mutation, c.806_808del-
CCT (p.Ser269del), in a pedigree with progressive and moderate
hearing loss. Molecular modeling analysis of this mutation demon-
strated that changes in electrostatic surface potential and struc-
tural distortion could be relevant to the pathology underlying
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auditory dysfunction. Mutations at or proximal to the N-terminus
of the PH of the KCNQ4 channel might cause mild molecular dys-
function and be associated with moderate hearing loss.
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