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ABSTRACT
Background: KCNQ4 is a common genetic cause of nonsyndromic autosomal dominant hearing loss. We have identified the 
family in China with a KCNQ4 (c.701A>G; p.His234Arg) missense variation. In this study, a survey and analysis were performed 
to investigate the audiological and genetic characteristics of the Chinese family.
Methods: The medical history of family members was collected, and the family members underwent pure tone audiometry, 
acoustic immittance, and physical examination. The proband was additionally examined by ABR (auditory brainstem response) 
and DPOAE (distortion product otoacoustic emission). DNA samples from family members were collected, and the possible caus-
ative gene of the proband was detected by whole-exome sequencing (WES), which was verified by Sanger sequencing in family 
members.
Results: The inheritance pattern of the family was an autosomal dominant nonsyndromic type. The hearing loss was charac-
terized by postlingual deafness, high-frequency hearing loss in the early stage, gradually involving the full frequency. About 
32–40 years of age, the hearing gradually became stable, the decline rate slowed down, and the final degree of hearing loss was 
severe. WES results showed that the KCNQ4 gene had a missense variation (c.701A>G; p.His234Arg).
Conclusion: This family has autosomal dominant nonsyndromic hereditary hearing loss caused by a variation in the KCNQ4 
gene, characterized by high-frequency hearing loss.

1   |   Introduction

Deafness, a prevalent hearing and sensory disorder, affects 
approximately 1.5 billion people worldwide. According to the 
WHO, this number is projected to increase to 2.5 billion by 
2050 (Chadha et  al.  2021). Genetic factors are reported to be 

the most significant contributors, accounting for approximately 
50%–60% of all deafness cases (Kvestad et  al.  2012; Wolber 
et al. 2012). Hereditary hearing loss can be categorized into two 
types based on symptoms: syndromic hearing loss (SHL), which 
includes other systemic symptoms, and nonsyndromic hear-
ing loss (NSHL), which does not (Sheffield and RJH 2019). To 
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date (December 19, 2024), 156 genes have been reported to be 
associated with NSHL, and more than 50 genes have been as-
sociated with SHL.(https://​hered​itary​heari​ngloss.​org/​). NSHL 
accounts for about 70% of these cases. Common inheritance 
patterns of NSHL include autosomal dominant, autosomal re-
cessive, X-chromosome linked, Y-chromosome related, and mi-
tochondrial (Del Castillo et al. 2022). Among these, autosomal 
recessive nonsyndromic hearing loss (ARNSHL) is the most 
common, typically presenting as prelingual deafness involving 
all frequencies and ranging from severe to profound hearing 
loss (Imtiaz  2022). In contrast, autosomal dominant nonsyn-
dromic hearing loss (ADNSHL) accounts for about 20%, often 
beginning postlingually, is mainly high-frequency, progressive, 
and generally milder than ARNSHL (Lezirovitz and Mingroni-
Netto 2022). Other forms of hereditary deafness are rare.

In this study, we identified a c.701A>G (NM_004700) variation 
in the KCNQ4 (OMIM#603537) gene in a Chinese family with 
ADNSHL. The clinical and genetic characteristics of the family 
were investigated in detail. The research process is presented as 
follows.

2   |   Methods

2.1   |   Ethical Compliance

In this study, our survey and analysis were approved by the Ethics 
Committee of the General Hospital of Central Theater Command.

2.2   |   Family and Clinical Evaluation

The proband who participated in this study presented at General 
Hospital of Central Theater Command in 2022 due to binau-
ral hearing loss and had a history of deafness in her family. 
Therefore, we launched an investigation into her family. The 
family, from Hubei Province, China, was designated as CHZ-01. 
There were 33 members in the CHZ-01 family across four gener-
ations, including five deceased members and 28 living members. 
All 28 members participated in this investigation. The family 
pedigree was drawn based on the survey results (Figure 1A).

All family members participating in the study signed the in-
formed consent (for minors, the consent was signed by their 
guardians). After obtaining the consent of the patients and 
guardians, we took the patients' medical history in detail and 
conducted a physical examination, audiological examination 
(including electric otoscopy, pure tone audiometry, acoustic im-
mittance examination), and intelligence assessment. The pro-
band also underwent distortion product otoacoustic emission 
(DPOAE) and auditory brainstem response (ABR). Peripheral 
venous blood samples (10 mL each member) were taken from 12 
family members (6 patients with hearing loss and 6 asymptom-
atic individuals) for gene detection.

2.3   |   Whole-Exome Sequencing

Five milliliters of peripheral blood was drawn from the proband, 
and we then extracted the Genomic DNA (gDNA) according to 

the manufacturer's standard procedure (MagPure Buffy Coat 
DNA Midi KF Kit, MAGEN). The gDNA was sheared into frag-
ments, and the 200–300 bp fragments were collected by magnetic 
bead (Vahtstm DNA Clean Beads, VAZYME). The library was 
enriched for 16 h at 65°C by array hybridization (KAPA Hyper 
Exome, ROCHE), followed by elution and postcapture amplifi-
cation. The products were then subjected to Caliper GX_1000 
Kit and BMG to estimate the magnitude of enrichment. The 
qualified products were converted into DNB; finally, sequenced 
with PE100 + 10 on MGISEQ-2000.

2.4   |   Data Analysis

To detect the potential variants in the family, we performed 
bioinformatics processing and data analysis after receiving the 
primary sequencing data. We used previously published filter-
ing criteria to generate “clean reads” for further analysis (Wei 
et al. 2011). The “clean reads” (with a length of 90 bp) derived 
from targeted sequencing and filtering were then aligned to 
the human genome reference (hg19) using the BWA (Burrows 
Wheeler Aligner) Multi-Vision software package (Li and 
Durbin 2009). After alignment, the output files were used to per-
form coverage and depth analysis of the target region, as well as 
single-nucleotide variants (SNVs) and INDEL calling. We used 
GATK software (McKenna et al. 2010) to detect SNVs and indels. 
All SNVs and indels were filtered and annotated via multiple da-
tabases, including NCBI dbSNP and gnomAD. All known deaf-
ness genes that have been reported were used for analysis. To 
predict the effect of missense variants, we used dbNSFP (Lucas 
et al. 2012) which contains seven well-established in silico pre-
diction programs (Scale-Invariant Feature Transform (SIFT), 
Polyphen2, LRT, Mutation Taster, and PhyloP). Pathogenic vari-
ants are assessed under the protocol issued by ACMG (Richards 
et al. 2015).

2.5   |   Sanger Sequencing Validation

All mutations and potential pathogenic variants were vali-
dated using conventional Sanger sequencing. (Primers for 
Sanger sequencing, F: CCTTCTGTGTCATCGGTAATG R: 
ACGAGTGGTCCCTTCAAAC).

3   |   Results

3.1   |   Clinical Characteristics

There were four generations in the CHZ-01 family. All 28 living 
members of the family participated in the survey, including 17 
males and 11 females, aged from 1 to 65 years. Seven patients 
had hearing loss (II: 3, II: 5, II: 8, III: 3, III: 9, III: 12, IV: 3) 
(Figure 1B, Patient III: 12 was unable to obtain an audiogram 
due to refusal of hearing examination), no speech disorder, 
no other organ and system symptoms, no history of amino-
glycoside antibiotic use, no history of head or ear trauma, no 
history of noise exposure, and no obvious history of ear infec-
tion before onset. The age of onset ranged from 8 to 25 years. 
Two of them (II: 8, III: 9) developed tinnitus but no vestibu-
lar symptoms such as vertigo after years of illness (Table 1). 

https://hereditaryhearingloss.org/
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No ear abnormalities such as external ear malformation, ear 
trauma, tympanic membrane perforation, tympanic effusion, 
or tympanic sclerosis were found in the special examination, 
and no obvious abnormalities were found in the physical ex-
amination. Among the five deceased family members, one 
family member (I: 1) was considered by his family members to 
have hearing loss when he was young, and the specific age of 
onset was unknown. The other four members (I: 2, II: 1, II: 2, 
II: 7) had no hearing loss. The clinical characteristics of this 
family were summarized as follows: nonsyndromic deafness, 
autosomal dominant inheritance, postlingual deafness, onset 
age between 8 and 25 years old, and hearing loss was gradual. 
The degree of hearing loss in young people is mild and gradu-
ally becomes severe with age.

3.2   |   Causative Gene Analysis

To explore the genetic variation in the CHZ-01 family, we used 
the WES method to detect the blood samples of the proband. 
The WES had a mean depth of 334X, with coverage over 20X 
at 99.79%. By filtering variants in known deafness genes, a can-
didate variant in this family was found: a missense variant oc-
curring in exon 4 of the KCNQ4 gene (c.701A>G, p. His234Arg). 
Subsequently, Sanger sequencing was performed. This variant 
demonstrated phenotype–genotype co-segregation in the fam-
ily (PP1_strong) (Figure  2A,B). The variant was not detected 
in gnomAD (PM2). The gene variation led to the substitution of 
histidine at position 234 of the amino acid sequence by arginine, 
while histidine at position 234 was conserved among species 

FIGURE 1    |    (A) family pedigree of CHZ-01. This figure shows that there are four generations in this family, included five deceased members and 
28 living members, of which seven were deafness and two were clinically uncertain. The blood samples from six individuals with hearing loss and six 
asymptomatic individuals were used for Sanger sequencing, and the results were indicated as A/A or A/G. (A/A: Wild-type with no variation; A/G: 
Heterozygous with variation.) (B) Audiogram of patients in·family·CHZ-01.
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(Figure 2C). Based on prediction, this is a damaging variant for 
protein function (CADD:27.4, REVEL:0.944) (PP3). His234Arg 
completely abrogates the potassium channel function of KCNQ4 
(PS4_supporting) (Zheng et  al.  2022). A similar pathogenic 
variant (c.701A>T, p.His234Leu) in KCNQ4 was identified by 
Uehara et al. in a Brazilian family (PM5) (Uehara et al. 2015). 
According to the ACMG guidelines, this variant was classified 
as pathogenic.

4   |   Discussion

We found that a variation in the KCNQ4 gene, located at posi-
tion 1p34.2, may be responsible for the hereditary hearing loss 
in the CHZ-01 pedigree. The KCNQ4 gene, which contains 14 
exons, encodes the Kv7.4 subunit. This includes the N- and C-
termini, six transmembrane regions (S1–S6), and a P-loop (lo-
cated at S5–S6 linker area), forming a voltage-gated potassium 
ion channel on the cell membrane (Zheng et al. 2022). The Kv7.4 
potassium channel, primarily situated on the basolateral side of 

OHCs (outer hair cells), is responsible for releasing potassium 
ions from the hair cells into the perilymph; therefore, maintain-
ing ion circulation and homeostasis in the inner ear (Maamrah 
et al. 2023). In our study, we identified the c.701A>G variation 
in the KCNQ4 gene. The variation, located on exon 4, affects the 
S4–S5 linker of the Kv7.4 subunit (Zhang et al. 2023). The spe-
cific amino acid change involves the replacement of histidine 
(His) at position 234 with arginine (Arg).

KCNQ4 gene mutations can lead to hereditary deafness, clini-
cally classified as DFNA2A (OMIM#600101) type, character-
ized by autosomal dominant inheritance, nonsyndromic type, 
postlingual deafness, and mainly high-frequency hearing loss 
(Aldè et al. 2023). So far, 47 KCNQ4 gene mutations have been re-
ported in the literature, with exons 5 and 6, which encode the S5 
and S6 transmembrane domains and the P-loop between them, 
having the most mutations (24 in total). These are followed by 
exons 7–14 (11 in total), encoding the C-terminus of the Kv7.4 
potassium channel. The number of mutations in exons 1 and 4 
is tied for third; exon 1 (5 in total) encodes the N-terminus and 

TABLE 1    |    Clinical data of patients in the CHZ-01 family.

Subject Gender Age of test (years) Age of onset (years)

Better ear

PTA (dB HL) Hearing loss
Associated 
symptoms

II:3 Male 63 25 71.25 Severe Not

II:5 Male 58 25 72.5 Severe Not

II:8 Male 54 11 66.25 Severe Tinnitus

III:3 Female 35 11 57.5 Moderately severe Not

III:9 Male 35 17 52.5 Moderately severe Tinnitus

IV:3 Male 11 8 50 Moderate Not

Note: PTA, pure-tone air-conduction averages (0.5, 1, 2, and 4 kHz) for the better hearing ear of affected subjects in family CHZ-01.

FIGURE 2    |    Sanger sequencing detected a heterozygous variation c.701 A>G in the KCNQ4 gene of the patients(A), and normal members did not 
detect the variation(B). It is indicated by the red arrow. Conservation analysis of residues 194–238 of the KCNQ4 protein. The 234 position is high-
lighted by an open-red rectangle. Histidine at position 234 was conserved among species (C).



5 of 7

part of the S1 transmembrane domain of the Kv7.4 potassium 
channel, while exon 4 (5 in total) encodes the S4 transmembrane 
domain, S3–S4 linker, and S4–S5 linker. The fewest mutations 
have been found in exon 3 (2 in total), which encodes the S2 and 
S3 transmembrane domains and the S2–S3 linker of the Kv7.4 
potassium channel. No mutations in exon 2 have been reported 
(Zhang et al. 2023) (Figure 3).

The different regions of the Kv7.4 potassium channel protein 
serve different functions. The P-loop located in the S5–S6 linker 
is crucial, primarily facilitating the ion selection function of the 
potassium channel. Other areas surround the P-loop and assist 
in its functions (Peixoto Pinheiro et al. 2022). The variation dis-
covered in our study, KCNQ4 gene (c.701A>G, p. His234Arg), 
located at the S4–S5 linker of the Kv7.4 potassium channel pro-
tein, a key region for sensing voltage and gating ion channels, 
potentially influences the formation of the core region (P-loop) 
structure. According to the pathogenicity calculation method 
based on the ACMG guideline, the evidence of this variant is 
PP1_strong + PM2 + PM5 + PP3 + PS4_supporting, and it is 
classified as pathogenic. Zheng et al. used the whole-cell patch 
clamp technique to explore the functional changes of potassium 
channels caused by 4085 missense mutations in the KCNQ4 gene 
in CHO-K1 cells and found that the H234R completely abrogates 
the potassium channel function of KCNQ4 but does not exert a 
strong dominant-negative inhibitory effect on wild-type KCNQ4 
(when co-expressed); these mutations in the S4–S5 linker are 
most likely to lead to decreased function of Kv7.4 channels 
(Zheng et al. 2022). Similarly, the variant found by Uehara et al. 
in a Brazilian family, KCNQ4 (c.701A>T, p.His234Leu), located 
at the same position but with a different base change, caused 
mild to severe high-frequency hearing loss in the proband, her 
mother, and her sister. These two similar mutations exhibit sim-
ilar clinical hearing characteristics, suggesting that mutations 
at this position are indeed pathogenic, but the mechanism still 
requires further study (Uehara et  al.  2015). In addition, three 

other mutations have been found in the S4–S5 linker. Among 
them, Baek et  al. discovered a KCNQ4 deletion mutation 
(c.664_681del, p.T223_ G228del) in 2011 in a Korean family. The 
hearing of the family was characterized by moderate to severe 
slow drop-type high-frequency hearing loss (Baek et al. 2011). 
Subsequently, Naito T et al. found a KCNQ4 missense mutation 
(c.689 T>A, p. Val230Glu) in a Japanese family in 2013. The 
hearing of this family was characterized by moderate to severe 
valley-type mid-frequency hearing loss (Naito et al. 2013). The 
latest discovery was a KCNQ4 missense mutation (c.683G>A, p. 
Gly228Asp) discovered by Cui et al. in 2022 in a Chinese family 
with mild to moderate slow-drop high-frequency hearing loss 
(Cui et al. 2022). Our findings in the CHZ-01 family, along with 
the above mutations in the S4–S5 linker, all led to hearing loss, 
indicating that the stability of the S4–S5 linker structure is very 
important for the function of the Kv7.4 potassium channel. On 
the contrary, mutations in the S4–S5 linker may lead to hear-
ing loss. Quaio et al. also reported the His234Arg variant, but 
it was found in an individual with normal hearing (the patient's 
age and other details were not mentioned in the article) (Quaio 
et al. 2022). The variant carrier might not have reached the age 
of onset. It is possible that the variant carrier will still experience 
hearing loss in the future. This may be the same situation as the 
clinically uncertain cases we found; in our study, IV:8 was an 
11-year-old male child with no symptoms of hearing loss at the 
time of investigation, and Sanger sequencing detected a KCNQ4 
variant (c.701A>G; p.His234Arg) in him. This highlights how 
genetic diagnosis helps with early detection and intervention.

Research on the treatment of hereditary deafness caused by 
KCNQ4 gene mutations is ongoing and includes drug treatments 
and gene therapy. Some drugs that activate the Kv7.4 channel 
have been identified, but their clinical use is limited due to side 
effects. The main challenges include improving the drug's lipo-
philicity and optimizing the drug according to mechanism stud-
ies (Li et al. 2021; Osuma et al. 2019; Wang et al. 2018). Since the 

FIGURE 3    |    A total of 47 KCNQ4 mutations have been reported.
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advent of gene editing technologies, gene therapy holds the po-
tential to improve patients' hearing by targeting specific genetic 
mutations (Noh et al. 2022).

In conclusion, we have identified a mutation in the KCNQ4 
gene(c.701A>G, p. His234Arg) that leads to structural changes 
in the S4–S5 linker of the Kv7.4 potassium channel protein. This 
provides evidence for otolaryngologists to offer consultations to 
patients, contributing to the implementation of clinical decisions 
regarding eugenics and childcare. However, the specific treat-
ment plan still depends on further research on the pathogenesis.
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