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Mutations in MYH9 and MYH14 are associated with autosomal dominant, progressive sensorineural
hearing loss. This study aimed to characterize and compare the clinical and audiological features

of patients with MYH9 or MYH14 variants. Thirteen patients with MYH9 or MYH14 mutations were
identified through whole-exome or targeted sequencing and underwent audiometric evaluations.
Both groups exhibited late-onset, high-frequency, progressive hearing loss. The MYH9 group showed
a higher proportion of severe-to-profound cases (41.7%) compared to the MYH14 group (14.3%). One
MYH14 case presented with congenital hearing loss linked to a nonsense variant (p.Q25%), expanding
the phenotypic spectrum of MYH14-related hearing loss. Several novel variants were identified in both
genes, all of which were extremely rare and predicted to be deleterious by in silico analyses. Contrary
to previous reports, no syndromic features were observed in patients with MYH9 mutations, although
one patient had a marginally elevated mean platelet volume. These findings highlight overlapping
auditory phenotypes between MYH9 and MYH14 mutations, with particularly marked variability in

the genetic and phenotypic features in MYH9. Early genetic diagnosis can aid in prognosis and support
individualized management for patients with progressive hearing loss caused by variants in non-
muscle myosin genes.

Hearing loss is one of the most common sensory disorders, and a significant proportion of cases are attributed to
genetic mutations that impair the structure and function of the inner ear’>. Among the many proteins involved
in cochlear integrity and function, members of the myosin superfamily play essential roles in maintaining
auditory health. The unconventional myosins, including MYO3A, MYO6, MYO7A, and MYOI5A have been
well documented for their contribution to hereditary hearing impairment®>. In particular, non-muscle
myosins—such as MYH9, MYH10, and MYH14, which constitute non-muscle myosin II isoforms A, B, and C,
respectively—are key regulators of cytoskeletal dynamics, influencing cell shape, motility, and adhesion®’.

The MYH9 gene, located on chromosome 22q12.3, spans 41 exons and is broadly expressed in sensory
hair cells and their stereocilia within the cochlea®. Mutations in MYH9 are notably associated with autosomal
dominant non-syndromic hearing loss, known as DFNA17°. However, mutations in MYH9 are most commonly
linked with syndromic manifestations, including sensorineural hearing loss, macrothrombocytopenia,
granulocyte inclusions, and nephropathy!®!!. In contrast, some patients exhibit only macrothrombocytopenia
and sensorineural hearing loss, prompting further investigation into phenotypic variability and underlying
mechanisms!>!?, On the other hand, MYH14, located on chromosome 19q13.33, also consists of 41 exons and is
expressed in the neonatal cochlear sensory epithelium!*'°. Unlike MYH9, most MYH 14 mutations are associated
with non-syndromic hearing loss (DFNA4A), while some variants such as p.R941L have been implicated in
broader neurological disorders, including peripheral neuropathy and myopathy'®. In addition, MYH10 has
been reported to be expressed in the developing cochlea, and knockout mice exhibit malformations in various
organs!”!8, Although MYHI0 plays a critical role in mouse development, no human diseases associated with
MYH10 mutations have been reported to date.
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Although the precise pathogenic mechanisms by which MYH9 and MYHI14 mutations result in auditory
dysfunction remain to be fully understood, both genes are believed to impact stereocilia structure and
mitochondrial dynamics®!, critical for auditory signal transduction and hair cell survival. Clinically, both gene
mutations tend to produce progressive, high-frequency sensorineural hearing loss with autosomal dominant
inheritance. This study seeks to delineate the clinical and audiological phenotypes of patients harboring MYH9
and MYHI14 mutations within a large cohort of individuals with hereditary hearing loss. Additionally, we report
novel variants discovered through genetic screening and provide a comparative analysis of their associated
auditory profiles, contributing to an improved understanding of the genetic basis of adult-onset hearing loss.

Results

The median age of patients was 58.5 and 54.0 years in the MYH9 and MYH14 mutation groups, respectively.
(Table 1) The pure-tone audiogram patterns typically show high-frequency hearing loss and progressive hearing
loss. The hearing thresholds of both groups showed no significant differences across all frequencies (Fig. la,
¢,d). However, MYH9 showed a stronger tendency toward severe hearing loss, with 41.7% of cases classified as
severe to profound hearing loss, compared to 14.3% in MYH14 (p=0.190, in Fisher’s exact test). The correlation
of hearing function and age was significant in both MYH9 (r=0.702, p=0.011) and MYH14 (r=0.690, p=0.013;
one congenital case was excluded) groups (Fig. 1b). The onset age was mostly after the fifth decade in both
mutation groups (50% in MYH9, 57.1% in MYH14).

Among the 6 affected probands with MYH9 variants, two variants (p.R1730C and p.Q1323H) were known,
and three variants (p.Y422C, p.D513Y, and p.S1457F) were novel. The three variants were deleterious in silico
and affected an evolutionarily conserved residue across species. Moreover, the variants were observed in only
one (p.Y422C) or none (p.D513Y and p.S1457F) of the 1,614,030 alleles in gnomAD v4.1.0. Given that mutations
in MYH9 may cause macrothrombocytopenia, platelet count, and mean platelet volume (MPV) were compared,
and found to be within the normal range for all evaluated patients (Table 2). However, YUHL410-21, who carries
p-R1730C in MYHY, exhibited a high but marginally normal MPV (11.3 fL, normal range: 7.5-11.5 fL) in the
absence of overt thrombocytopenia. None of the patients in either mutant group exhibited syndromic features
such as nephropathy. In YUHL 107 and 91 families, patients with progressive hearing loss were segregated with
the variants in MYH9 (Fig. 2).

Among 7 affected probands with MYHI14 variants, six possible variants causing sensorineural hearing loss
were identified. (Table 3) Of these, three variants (p.K898Q, p.A1023V, and p.Q25*) were previously reported?’-22.
To strengthen the validity of our findings, we included the same data from patient YUHL77-21 (p.A1023V),
which was previously reported by our group. This patient was originally described in the study by Song et al. in
2020 and is reanalyzed here in the context of expanded data??. The other three variants (p.D696N, p.V832I, and
p-R879Q) were novel variants, which were classified into variants of unknown significance (VUS) according to
the American College of Medical Genetics and Genomics (ACMG) and the Association for Molecular Pathology
(AMP) guidelines. However, they were predicted as deleterious in silico and the residues were highly conserved
across species. In addition, their allele frequencies were rare (minor allele frequency <0.5E-5), suggesting the
likelihood of pathogenic variants for progressive hearing loss.

Discussion
This study provides further evidence that mutations in MYH9 and MYH14 genes contribute to progressive, high-
frequency, autosomal dominant hearing loss. Although there is an exceptional case of prelingual, congenital

Characteristics Patients with a variant in MYH9 | Patients with a variant in MYH14
Age, years (IQR) 58.5(27.5) 54.0 (26.0)
Sex (%)

Male 1(16.7) 5(71.4)
Female 5(83.3) 2(28.6)
Age of Onset (%)

Congenital 0(0.0) 1(14.3)

1%t ~ 27 decade 1(16.7) 0(0.0)

31 ~ 4th decade 2(333) 2(28.6)

5t 6th decade 3 (50.0) 4(57.1)
Hearing loss severity, ears (%)

Normal 0(0.0) 1(7.1)
Mild 2(16.7) 3(21.4)
Moderate 5(41.7) 8 (57.1)
Severe to Profound 5(41.7) 2(14.3)
Platelet (IQR)

Count 250 (74.2) 213.5 (44.3)
Mean platelet volume, fL (IQR) | 9.0 (2.8) 9.0 (0.9)

Table 1. Demographic characteristics.
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Fig. 1. Audiologic profiles of patients with variants in MYH9 or MYH14. (a) Median pure-tone thresholds at
each frequency for patients with MYH9 (blue) and MYH14 (red) variants. Error bars represent interquartile
ranges. (b) Correlation between average PTA, (Y-axis) and age (X-axis). Each dot represents an individual ear,
and the lines represent best-fit regression slopes. (¢, d) Pure-tone thresholds at each frequency for all enrolled
patients are shown. Each dot represents an individual ear. Dots with the same color indicate the same person,
and connected lines represent the same ear. X-axis: Pure-tone frequencies (panels A, C, and D); Y-axis: Pure-
tone thresholds (dB HL). The dotted line represents 0 dB HL.

hearing loss caused by a nonsense mutation in MYH14, patients with MYH9 and MYH14 mutations generally
exhibit similar auditory profiles. These profiles are commonly characterized by late-onset, gradually progressive
hearing impairment, consistent with previous studies. However, a higher percentage of individuals with MYH9
mutations experienced severe-to-profound hearing loss compared to the MYH14 group, suggesting that MYH9
variants may lead to more aggressive auditory deterioration in some patients. Interestingly, MYH9 mutations
appeared to be associated with a more severe hearing phenotype. Nearly 42% of MYH9 cases progressed to
severe-to-profound hearing loss, compared to just 14% in the MYHI14 cohort. Although this difference did not
reach statistical significance, likely due to the small sample size, it suggests that MYH9 mutations may, in some
cases, result in more aggressive auditory deterioration.

MYH9-associated cases revealed a broader range of onset ages, including early adulthood, further indicating
genetic and phenotypic heterogeneity. The observed p.R1730C mutation in two unrelated MYH9 patients
may reflect a mutation hotspot or founder effect, though functional studies are necessary to confirm this
hypothesis. Syndromic features such as macrothrombocytopenia and nephropathy are commonly reported in
MYH?9-related disorders, but none of the patients exhibited such manifestations in this cohort. Although one
MYH9 patient (YUHL410-21) showed a marginally elevated MPYV, it remained within normal limits, which
may indicate either an incomplete penetrance or a non-syndromic variant. These findings align with reports
of isolated macrothrombocytopenia in specific MYH9 mutations, particularly those located in the non-helical
tail domain?*. However, there is a chance that other syndromic features including macrothrombocytopenia and
nephritis might not have been fully evaluated or yet at the subclinical level in these patients. Therefore, further
investigation with long-term follow-up in a larger cohort would warrant the convincing conclusion about the
possibility of nonsyndromic hearing loss caused by specific variants in MYH9.

Notably, one MYHI14 case (YUHL1167-21) demonstrated congenital hearing loss, a rare phenotype not
commonly associated with MYHI4, which typically manifests in adulthood. This variant (p.Q25*) was a
nonsense mutation, likely contributing to the early onset due to truncated protein expression. MYH14 variants
are typically associated with postlingual, progressive hearing loss. However, some studies have reported
prelingual, severe-to-profound hearing loss linked to MYHI4 variants. For example, Kim et al. identified
two MYH14 variants in Korean families associated with this phenotype?. Notably, both probands presented
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Fig. 2. Segregation analysis in patients with MYH variants. Pedigrees, pure-tone audiograms in affected
individuals, and segregation analysis from Sanger sequencing for MYHY variants are depicted in YUHL 107
and YUH 91 families (3 family members included in each family). In pure-tone audiograms, red and blue
colors indicate hearing thresholds at right and left ears, respectively.

ID Age | Sex | Inheritance | Onset age | Nucleotide change | Amino acid change %’IHXII:IAD KRGDB | Mutation Taster | PP2 | SIFT | CADD | DVD
563-21 | 62 M | AD 5th decade | ¢.2086G>A p-D696N® 2.49E-05 | - DC 0.696 | 0.05 | 22.6 Vvus
551-21 |54 M | AD 4th decade | c.2494G>A p.-V8321’ - - DC 0.636 | 0.02 |27.4 -
46-21 |54 M |AD 5th decade | ¢.2636G>A p-R879Q° 2.50E-06 |- DC 0.756 | 0.00 |25.8 -
83-21 |67 M | AD 6th decade | c.2692 A>C p-K898Q 1.81-05 5.89E-04 | DC 0.995 | 0.02 |26.7 Lp2!
207-21 |71 F AD 5th decade | c.2692 A>C p-K898Q 1.81E-05 | 5.89E-04 | DC 0.995 | 0.02 |26.7 Lp?
77-21 |41 M | AD 3rd decade | c.3068 C>T p.A1023V 4.27E-05 | - DC 0.814 | 0.00 | 259 VvUS
1167-21 | 9 F |AD congenital | c.73C>T p.Q25* - - N/A - - - Lp®

Table 3. MYH14 variant group. ® : Novel variants. Accession number: NM_001145809.2, gnomAD: allele
frequency of total exomes and genomes in v4.1.0, KRGDB: Korea Reference Genome Database, DC: disease-
causing, PP2: Polymorphism Phenotype v2 (0.00-0.15: benign, 0.15-0.85: possibly damaging, 0.85-1.00:
probably damaging), SIFT: Sorting Intolerant From Tolerant (0.00-0.05: damaging, 0.05-1.00: tolerated),
CADD: Combined Annotation Dependent Depletion (< 10: tolerated, 10-20: possibly deleterious, > 20:
probably deleterious, > 30: highly deleterious), DVD: Deafness variation database, VUS: Variant of unknown
significance, LP: likely pathogenic, AD: Autosomal dominant.

with congenital or prelingual severe hearing loss. One of these, p.D191G in the head domain, was the first
missense mutation associated with early-onset hearing loss. The other, p.Q25*, a nonsense mutation in exon 2,
likely resulted in a null allele, contributing to the severe auditory phenotype observed. Similarly, Duman et al.
reported novel MYH14 variants in families with autosomal dominant sensorineural hearing loss?*, while two
of the identified variants (p.D191H and p.D191N) affected the same codon in the previous report but showed
postlingual and progressive hearing loss in contrast. Their findings further expanded the phenotypic spectrum
of MYHI14 mutations, indicating that specific variants (though residue sites are same) can lead to prelingual,
severe hearing impairment.

Scientific Reports |

(2025) 15:22324

| https://doi.org/10.1038/s41598-025-08801-w nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Our data include various missense variants located in different domains: the motor domain (two in
MYH9 and two in MYH]14), the neck region (three in MYH14), and the tail region (four in MYH9 and one in
MYH]14). Although the mechanism underlying hearing loss is not fully understood, both MYH9 and MYH14
are commonly expressed in sensory hair cells and are believed to play critical roles in maintaining structural
integrity®!°. Furthermore, MYHY is also expressed in supporting structures such as the spiral ligament and
Reissner’s membrane, suggesting its potential importance in auditory conduction®?. Verver et al. additionally
reported that mutations in the tail domain are associated with a milder form of hearing loss compared to those
in the motor domain?®. However, we were unable to confirm this trend in our study, possibly due to the limited
number of enrolled patients and the lack of age-matched audiometric data. The domain-specific molecular
mechanisms of MYH9 and MYH14 should be further investigated in future studies using animal models.

This study emphasizes the need for extensive genetic testing in adult patients with idiopathic progressive
hearing loss. Early identification of MYH9 or MYHI14 mutations can provide vital prognostic information,
influence surveillance for syndromic features, and guide personalized hearing rehabilitation strategies.
Furthermore, the shared auditory phenotype between the two gene groups highlights the potential for
overlapping molecular mechanisms, likely involving actin-myosin interactions and mitochondrial function in
sensory hair cells.

In conclusion, our findings broaden the phenotypic spectrum associated with MYH9 and MYH14 mutations
and emphasize the necessity of variant-level characterization. Future studies involving larger cohorts, longitudinal
auditory profiling, and mechanistic investigations will be crucial for developing targeted interventions and
enhancing our understanding of genetic hearing loss.

Methods

Patient enrollment

The present study enrolled patients from the cohort for genetic hearing loss, namely Yonsei University Hearing
Loss (YUHL) cohort?’-3!. All patients in the YUHL cohort were audiologically screened to identify those with
hearing loss. When family history was noted, available family members also underwent audiological testing.
Genetic tests were performed on the affected patients and their family members when a genetic form of hearing
loss was suspected. This protocol was followed for all enrolled patients in the study. The inclusion criteria were
patients who were genetically confirmed to have pathogenic or likely pathogenic variants in MYH9 or MYH14.
Moreover, VUS in MYH9 or MYH14 were additionally considered if allele frequency is exceptionally low, or
genotype-phenotype was segregated. As MYH9 or MYH14 may cause late-onset, and progressive hearing loss
with both monogenic and polygenic patterns, VUS was also taken into account to investigate the audiological
profiles in patients carrying these potential risk alleles. Subsequently, a total of 13 independent patients (6 with
MYH9 mutations and 7 with MYHI4 mutations) were enrolled in this study. This study was approved by the
Institutional Review Board of our hospital (approval no. 4-2015-0659). Written informed consent was obtained
from all participants. This study was conducted in accordance with the Declaration of Helsinki.

Evaluation of hearing function

All the enrolled patients and their family members, if available, undertook pure-tone audiometry, as previously
reported®>32. Briefly, the pure-tone air (500-4000 Hz) and bone conduction (500-4000 Hz) thresholds were
measured using clinical audiometers in a double-walled audio booth. The hearing threshold was calculated as
the average threshold at 500, 1000, 2000, 4000, and 8000 Hz (PTA,). The hearing loss was classified into mild
(25<PTA, <40 dB HL), moderate (40 <PTA, <70 dB HL), and severe-to-profound (PTA,>70 dB HL) levels.

Genetic analysis

Genetic testing using next-generation sequencing was performed for individuals and their family members, as
described in prior studies. A two-track approach to genetic testing was implemented, utilizing either whole-
exome sequencing (WES) or a deafness gene panel, depending on the patient’s insurance coverage and their
preference. For panel-based next-generation sequencing, a customized 207-gene deafness panel, as previously
described, was employed?®3%3331, WES was performed using the Agilent SureSelect V5 enrichment capture kit
(Agilent Technologies, Santa Clara, CA, USA), following the manufacturer’s protocol for sample preparation.
Sequencing was conducted on the MiSeq platform (Illumina, San Diego, CA, USA) with the MiSeq Reagent
Kit v2 (300 cycles) for high-throughput sequencing. Sanger sequencing was used for segregation analysis.
Variants were identified using the “Basic Variant Caller” function in CLC, requiring a minimum of five reads,
20x coverage, and a frequency of at least 20%. Variants with minor allele frequencies exceeding 0.5% for recessive
and 0.05% for dominant hearing loss genes in the dbSNP and gnomAD databases were excluded. Genetic
diagnoses were confirmed by a multidisciplinary board of otolaryngologists and clinical geneticists, adhering
to the hearing-loss-specific guidelines from the American College of Medical Genetics and Genomics (ACMG)
and the Association for Molecular Pathology (AMP), as referenced in the Deafness Variation Database™.

Statistical analysis
All analyses were performed using Prism v8.0 (GraphPad Software, San Diego, CA, USA). Pearson correlation
analysis was applied, where r represents the Pearson correlation coefficient. A P value of <0.05 was considered
statistically significant.

Data availability
The datasets generated and analysed during the current study are available in the BioProject repository, acces-
sion number PRJNA125667.
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