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Fig. 1 Hearing loss in Myh1~’~ mice due to outer hair cell dysfunction. a Overall appearance of Myh1™*, Myh1*/~, and Myh1™~ mice at
postnatal Day 30. b Body weights of the Myh1™", Myh1™/~, and Myh1~/~ mice. c Tone-pip ABR thresholds, d click ABR thresholds, and e ABR I/
O functions of the Myh1™"*, Myh1%/~, and Myh1~/~ mice at postnatal Day 30. f DPOAE thresholds and g DPOAE I/O functions at 6 kHz and
h 30 kHz. b-h Myh1™* (black, n=5), Myh1"’~ (blue, n=7), and Myh1~~ (red, n =7) mice. The data are presented as the means + SEMs.
Statistical comparisons were performed using two-way ANOVA with Bonferroni correction for multiple comparisons in (b-h). **P < 0.01 and
***p < 0.001.

Fig. 2 Myh1 expression in the organ of Corti. a Cross section of the inner ear from C57BL6/N mice at postnatal Day 30. MYH1, red; MYO7A,

green. b Whole-mount images of the inner ears of C57BL6/N mice at postnatal Day 30. MYH1, red; phalloidin, green.

the OHC circuit based on previous studies®’ (Supplementary

Table 4). We hypothesized that three ion channels are responsible
for the majority of ion conduction in OHCs, namely, the MET
channel, small conductance voltage-activated K* channel, and
large conductance voltage-activated K channel, which corre-
sponds to lx, and is mediated by KCNQ4*“® (Fig. 4a). We also
implemented NLC caused by prestin activity based on our
electrophysiology experiments (Fig. 3). When the MET channel
was stimulated with a 1000Hz wave of 32nm in amplitude
(Fig. 4b), we observed fluctuations in the membrane potential with
the corresponding frequency (Fig. 4c). Interestingly, although the
resting membrane potential was near —73 mV, which was similar
to the reported value®, the fluctuation in the membrane potential
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was greater in Myh1~~ OHCs, implying that the Myh1™~ OHC
plasma membrane was less capable of storing electric charges. The
gating of MET and K, channels was similar between Myh1™* and
Myh1~'~ OHCs (Fig. 4d, e), whereas K; channel gating was greater
in Myh1~~ OHCs. Surprisingly, the membrane capacitance of
Myh1~'~ OHCs was significantly lower in both the resting and
fluctuating states (Fig. 4f). We next calculated the power generated
by the capacitance of Myh1™" and Myh1~~ OHCs, which was
significantly lower in Myh1~/~ OHCs than in Myh1*+ OHCs during
the stimulation timeline (Fig. 4g). We next expanded our
calculations across different stimulation frequencies from 100 to
10,000 Hz and observed that Myh1~~ OHCs presented decreased
electromotility power across all frequencies (Fig. 4h). When
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Fig.3 Impaired prestin activity in Myh1/~ mouse outer hair cells. a Input voltage-clamp pulse protocol used for stimulating prestin in the
outer hair cells. A 1kHz sine wave with a 10 mV amplitude was simultaneously applied at —150 to 100 mV for a 250 ms duration.
b, ¢ Representative traces of Myh1™" and Myh1~'~ mouse outer hair cell recordings at postnatal Day 21. d Voltage-normalized nonlinear
capacitance (NLC) relationship of Myh1*/" (n = 6) and Myh1~/~ (n = 8) mouse outer hair cells. The bell-shaped curve was fit to the derivative of
the Boltzmann equation. e V,, values calculated from the outer hair cells of Myh1™* and Myh1~/~ mice. f Normalized charge transfer density

calculated from the outer hair cells of Myh1*/* and Myh1~/~

mice. Data are presented as the means + SEMs. Statistical comparisons were

performed using two-sample independent t-tests in (e) and (f). *P < 0.05 and **P < 0.01.

normalized to Myh1** OHCs, Myh1™~ OHCs had 16.2% and
29.8% electromotility power at 100 and 1000 Hz, respectively
(Fig. 4i).

MYH1 variants identified from patients with hearing loss

We performed WES of a cohort of 437 families with hearing loss.
A total of 151 of 437 families (34.6%) were molecularly
diagnosed with either single nucleotide variants and insertions
and deletions or CNVs in genes linked to nonsyndromic HL
(https://hereditaryhearingloss.org/) or syndromic HL (https://
www.omim.org/) (Supplementary Fig. 2a)’°®. Pathogenic
variants in any of the previously reported genes were not
detected in 286 families. After applying the variant filtering
criteria (Supplementary Information; Materials and Methods,
Supplementary Fig. 3, and Supplementary Table 1), we identified
eight different biallelic variants in MYHT (myosin heavy chain 1;
MIM: 16073) in five probands who were diagnosed with a
recessive form of sensorineural hearing loss. The coverages of
the targeted regions in the exome data for the 15-fold read
depth were 94.4% (YUHL100-21), 96.9% (YUHL105-21), 97.4%
(YUHL110-21), 92.5% (YUHL162-21) and 98.0% (YUHL624-21),
and the average read depths were 54%, 68%, 73%, 94%, and 57X,
respectively. These individuals also had biallelic variants in other
genes (Supplementary Table 2). The eight identified variants of
MYH1 were missense variants, which are rare in both gnomAD
v2.1.1 (https://gnomad.broadinstitute.org/) and Korean Variant
Archive 2 (KOVA2; approximately n=5305 individuals), with
minor allele frequencies <0.005%’. Sanger sequencing confirmed
that the variants cosegregated with hearing loss as an
autosomal recessive trait in five families (Supplementary
Fig. 4). MYH1 variants, including ¢.582G>C (p.GIn194His)
and ¢.2977A>G (p.lle993Val), c.2231A>C (p.Lys744Thr) and
c.5416C>A (p.GIn1806Lys), c.1379T>C (p.lle460Thr) and
c.2438A>T (p.Glu813Val), were present in the compound
heterozygous state in probands from the YUHL110, YUHL105,
and  YUHL100 families, respectively  (Supplementary
Figs. 2b and 4). In the YUHL100 family, the affected status was
segregated into another family member (YUHL100-22) with a
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shared audiological phenotype (Supplementary Fig. 5). Two
homozygous variants of MYH1, c.2495C > G (p.Pro832Arg) and
c4617A>T (p.GIn1539His), were identified and segregated in
the YUHL162 and YUHL624 families (Supplementary
Figs. 2b and 4). However, according to the ACMG guidelines®®,
the clinical significance of MYH1 variants identified in the cohort
remains uncertain and requires further evaluation of the
patients’ phenotypes (Supplementary Table 1). According to
the International Mouse Phenotyping Consortium (IMPC; https://
www.mousephenotype.org/), Myh1-knockout mice also present
decreased bone mineral density, abnormal vocalization,
decreased grip strength, and decreased urine creatinine levels®.

Among the probands from the five unrelated families,
YUHL110-21 was a 17-year-old female with moderate-to-severe
sensorineural hearing loss (Supplementary Fig. 2¢) that occurred in
the first decade of her life. She did not have any cochlear
anomalies (Supplementary Fig. 2d). In dual-energy X-ray absorp-
tiometry, the z scores for the femur neck and total hip (—1.4 and
—1.6, respectively) indicated osteopenia, according to the 2013
Pediatric ISCD Positions (Supplementary Table 2)*°. Her urine
creatinine level (45.6 mg/dL) was normal, indicating no muscle
myopathy. YUHL105-21 was a 3-year-old male with congenital
hearing loss, which was more severe in the left ear (Supplemen-
tary Fig. 2c). He had no perinatal medical problems and no
syndromic features. He did not have any inner ear anomalies, but
had severe-to-profound hearing loss in the more severe ear
(Supplementary Fig. 2d). He underwent cochlear implantation in
the left ear, and the performance was good, with an aided
threshold of 20-30dB HL. Although his muscular development
was normal and his urine creatinine level was within the normal
range (68.7 mg/dL), the z scores determined from dual-energy X-
ray absorptiometry were —1.6 and —1.7 for the femoral neck and
total hip, respectively, indicating osteopenia (Supplementary
Table 3). YUHL162-21 was a 2-year-old male with bilateral
severe-to-profound congenital hearing loss, which manifested
more severely in the left ear (Supplementary Fig. 2c). With no
other clinical manifestations, the patient presented with bilateral
cochlear anomalies classified as incomplete partition type |
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Fig. 4 Simulation of Myh1™" and Myh1~/~ outer hair cells in response to sound stimulus. a lllustration of the outer hair cell (OHC) circuit.
gmer conductance of the mechanoelectrical transducer (MET) channel, g conductance of the small conductance K" channel, g,
conductance of I ,, corresponding to the KCNQ4 channel, C,,, cell membrane capacitance, EP endocochlear potential, Ex K* reversal potential,
V., basolateral membrane potential. b Stimulation of stereocilia at 1000 Hz for 200 ms. ¢ Membrane potential oscillation by 1000 Hz stereocilia
stimulation. d MET channel gating induced by 1000 Hz stereocilia stimulation. e K* channel gating induced by 1000 Hz stereocilia stimulation.
f Membrane capacitance oscillation induced by 1000 Hz stereocilia stimulation. g OHC electromotlllty power at 1000 Hz stereocilia stlmulatlon

h OHC electromotility power across different frequencies of stereocilia stimulation. i Normalized electromotility power of Myh1~
compared to Myh1"”* OHCs across different frequencies. In (b-h), Myh1"+ OHCs are indicated by black lines, and Myh1~

by red lines.

(Supplementary Fig. 2d; red arrows). Nonetheless, the laminar
layers in the cochlea were well preserved, and residual hearing
was detected bilaterally (Supplementary Fig. 2d). The individual
underwent cochlear implantation in the left ear, with a good
outcome (as high as a score of 6 in the categorized auditory
performance) 1 year after implantation. As YUHL162-21 was only 2
years old, the muscular phenotype and bone mineral density
values needed to be determined at follow-up. YUHL100-21 was a
63-year-old male with bilateral moderate hearing loss of uncertain
onset (Supplementary Fig. 2c). Given that he had poor pronuncia-
tion and speaking proficiency, hearing loss was presumed to have
initiated during childhood. His word recognition scores were 68
and 56% for the right and left ears, respectively. He did not exhibit
any other syndromic features. YUHL100-22 was a 75-year-old
female with moderate-to-severe hearing loss (Supplementary
Fig. 5) and poor speech intelligibility (word recognition scores of
20 and 60% for the right and left ears, respectively). In the simplex
YUHL624 family, YUHL624-21 had profound bilateral congenital
sensorineural hearing loss (Supplementary Fig. 2c). YUHL624-21
also had cochleovestibular anomalies such as incomplete partition
type I. She underwent cochlear implantation surgery at the age of
8 months, in which a cerebrospinal fluid gusher was noted. The
outcome after 6 months was successful, with a score of 5 for
categorized auditory performance. Based on these clinical
manifestations, myopathy may be present at the subclinical level,
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as decreased muscle tone may lead to a decreased bone mineral
density; however, the severity of osteopathy in this patient was
clinically uncertain.

MYH1 variants are structurally different from the wild-type
protein

MYH1 is a myosin heavy chain that is predominantly expressed in
adult skeletal muscle and contains an N-terminal globular head,
SH3, and 1Q domains, followed by a C-terminal coiled-coil rod-like
tail®®. Among the identified missense variants, three affected the
motor domain, two affected the 1Q domain, and the other three
affected the tail domain of MYH1 (Fig. 5a). We questioned whether
the MYH1 variants identified in individuals with hearing loss were
structurally different from the wild-type protein. No crystal
structure is available for MYH1; therefore, ColabFold®® and
AlphaFold2?° were used to predict the structure of the head
domain of MYH1 corresponding to residues 1-843 (Fig. 5b). The
overall prediction score was reasonably high for the majority of
the residues, except for the N- and C-terminal loops, which were
expected to be flexible (Supplementary Fig. 6). We then
questioned whether MYH1 variants were dynamically different
from the wild-type protein, and thus modeled p.GIn194His,
p.lle460Thr, p.Lys744Thr, p.Glu813Val, and p.Pro832Arg variants
with AlphaFold2?°. Each protein was subsequently solvated,
energetically minimized, and equilibrated for MD simulations.
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variant residues are indicated. ¢ Root mean square deviation (RMSD) analysis of a 100 ns MD simulation of the wild-type and mutant MYH1

proteins. d Root mean square fluctuation (RMSF) analysis of the last 5

We included the benign variants p.Met360lle, p.Tyr435His, and
p.Met688Val as negative controls for the structural analysis, which
were selected based on their allele frequency in the gnomAD
database. During a 100 ns simulation, the root mean square
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0 ns. e Principal component analysis (PCA) of MD simulation trajectories.

deviation (RMSD) was lower in the last 50 ns for the p.GIn194His,
p.lle460Thr, p.Lys744Thr, and p.Glu813Val variants than for the
wild-type protein or benign variants, indicating that these variants
were structurally rigid (Fig. 5¢). Notably, the p.Pro832Arg variant
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Fig. 6 Prestin activity in wild-type or mutant MYH1-expressing cells. a Voltage-normalized nonlinear capacitance (NLC) relationship of
overexpressed prestin with or without MYH1 in HEK293T cells. b V,, values measured in cells overexpressing prestin with or without MYH1.
¢ Normalized charge transfer density measured in cells overexpressing prestin with or without MYH1. d Immunoprecipitation (IP) and
coimmunoprecipitation (co-IP) of prestin- and MYH1-transfected HEK293T cells. The input lanes represent 1/10 of the immunoprecipitated cell
lysate. @ NLC relationship between overexpressed prestin and mutant MYH1. f V,, values and normalized charge transfer density measured
from cells overexpressing prestin and mutant MYH1. g Normalized charge transfer density measured from cells overexpressing prestin and
mutant MYH1. The data are presented as the means + SEMs. Statistical comparisons were performed using two-sample independent t-tests in

(b) and (c). *P < 0.05 and ****P < 0.0001.

presented higher RMSD values in the last 50 ns of the simulation.
A subsequent RMSF analysis of each amino acid revealed no major
differences, except for the C-terminus of the p.Pro832Arg variant,
which was consistent with its high RMSD and variant location
(Fig. 5d). PCA of wild-type MYH1 revealed two major clusters,
which were analyzed via the K-means clustering algorithm
(Supplementary Fig. 7a). A comparison of these clusters high-
lighted the head domain loop and linker domain as the primary
sources of structural differences (Supplementary Fig. 7b). Plotting
the principal components of each variant against the wild-type
protein revealed that the p.GIn194His, p.le460Thr, p.Lys744Thr,
and p.Glu813Val variants clustered around a single cluster,
indicating reduced flexibility of the linker domain (Fig. 5e).

MYHT1 variants do not increase prestin activity compared to
the wild-type protein

Next, we investigated whether MYHT variants are also associated
with impaired prestin activity. We expressed prestin with or
without the MYH1 head domain in HEK293T cells. Unlike mock-
transfected cells, cells expressing prestin presented robust signs of
electromotility (Fig. 6a). Interestingly, prestin and MYH1 double-
transfected cells exhibited greater electromotility than the prestin-
only transfected cells (Fig. 6a). V}, was lower in the cotransfected
cells, whereas the charge transfer was significantly higher
(Fig. 6b, c). These results were consistent with the OHCs from
the Myh1*+ and Myh1~'~ mice (Fig. 3e, f). Next, we performed co-
IP experiments in HEK293T cells to investigate the physical
interaction between prestin and MYH1 (Fig. 6d). Interestingly, co-
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IP using both MYC and FLAG beads revealed a strong physical
interaction between prestin and MYH1. While their direct
interaction remains unclear, both prestin and MYH1 are likely
regulated by actin cytoskeletal networks. We next transfected the
mutant MYH1 with prestin and measured its electromotility. The
p.lle460Thr and p.Lys744Thr variants showed similar electromoti-
lity to the prestin-only transfected cells, whereas the p.Glu813Val
variant exhibited moderately decreased electromotility compared
with the wild-type MYH1 protein, and the electromotility of the
p.GIn194His variant was similar to that of the wild-type protein
(Fig. 6e). V,, and charge transfer also showed similar tendencies
(Fig. 6f, g).

MYH1 regulates the traction force of the cell membrane

We then investigated whether the increased prestin activity
observed in the presence of MYH1 results from the direct
modulation of prestin itself. However, the surface biotinylation
of prestin was not affected by MYH1 in overexpressing HEK293T
cells, and prestin localization in OHCs was similar between
Myh1** and Myh1™~ mice (Supplementary Fig. 8). Thus, we
hypothesized that MYH1 may affect the plasma membrane
traction force, potentially exerting physical control over prestin
activity. This hypothesis was derived from the observation that
other factors that regulate membrane tension, such as cholesterol,
have been shown to influence prestin activity®'2 We transfected
COS-7 cells with wild-type MYH1 or its variants (p.GIn194His,
p.le460Thr, p.Lys744Thr, and p.Glu813Val) to explore their
mechanical effects. Wild-type MYH1 and its variants were
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Fig. 7 Traction stress maps of wild-type or mutant MYH1-expressing cells. a Representative phase contrast (top panel) and traction field
images (bottom panel) of COS-7 cells adhered to an elastic polyacrylamide gel coated with fibronectin (Young's modulus of 20 kPa with a
Poisson’s ratio of 0.48). Scale bar =50 um. b Projected cell area measured in cells overexpressing wild-type or mutant MYH1. ¢ Root mean
square (RMS) traction measured in cells overexpressing wild-type or mutant MYH1. The data are presented as the means + SEMs. Statistical
comparisons were performed using two-way ANOVA with Bonferroni correction for multiple comparisons in (b) and (c). ns not significant;

*P<0.05; **P<0.01.

observed throughout the COS-7 cell body, except for the nucleus
(Supplementary Figs. 9 and 10), whereas other members of the
myosin superfamily associated with hearing loss, such as MYO3A
and MYO15A, have been shown to be localized to the tips of
filopodia in COS-7 cells and stereocilia in hair cells®*%* We
measured large-scale traction stress at the interface between
adherent cells and the elastic matrix using Fourier transform force
microscopy to assess how wild-type and variant MYH1 proteins
function in cell mechanics (Fig. 7a). The wild-type and variant
MYH1 proteins did not differ in terms of cellular expression, and
the overexpression of MYH1 proteins in COS-7 cells induced
cellular traction regardless of the variant type. However, the
average traction stress generated differed between the wild-type
and variant MYH1 proteins (Fig. 7b). Traction stress did not differ
significantly between the cells expressing the wild-type and
p.Glu813Val MYH1 proteins, whereas the cells expressing the
other three MYH1 proteins (p.GIn194His, p.lle460Thr, and
p.Lys744Thr) presented a remarkable decrease in traction force
(Fig. 7b). The cells transfected with the MYHT variants showed a
similar level of spreading to the cells transfected with wild-type
MYH1 when loaded onto a fibronectin-coated polyacrylamide gel
with a Young's modulus of ~20 kPa (Fig. 7c).

DISCUSSION

In this study, we successfully provided evidence for the function of
Myh1 in murine hearing by performlng functional studies in vivo.
Consistent with previous publications®, Myh1~’~ mice presented
impaired auditory function and noticeably elevated DPOAE
thresholds across all frequencies. Our research revealed broad
expression of MYH1 across multiple cochlear structures, including
supporting cells and hair cells. We speculated that the hearing loss
in Myh1~"~ mice might be due to OHC dysfunction and performed
electrophysiology studies on electromotility to elucidate the role
of MYH1 in OHCs. Through our analysis, we confirmed that
reduced prestin activity was a major pathological characteristic in
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Myh1™"~ mice. Additionally, based on our simulations, MYH1 was
responsible for at least 70% of the electromotility power
generated in OHCs. These results establish an essential role for
MYH1 in OHCs, which are responsible for cochlear amplification
throughout the auditory system®”

Prestin is a motor protein responsible for generating electro-
motility in OHCs'>™'™. While in vitro expression of prestin
successfully reproduces the electrophysiological properties of
OHC electromotility, many extrinsic factors are involved in
amplifying prestin activity. Examples include cholesterol, the
actin-myosin complex, and temperature®®®"%¢, In addition to
these factors, we propose that MYH1 also physically affects prestin
activity by increasing the traction force of the cell membrane. Our
experiments revealed that MYH1 interacts with prestin, resulting
in several-fold higher prestin activity in OHCs than in the
heterogenous expression system (Figs. 3 and 5). Although
coexpression of MYH1 with prestin increased charge transfer
and lowered V, similar to the OHCs, the absolute NLC amplitude
was still higher in the OHCs. We assume that unidentified
molecular mechanisms specific to OHCs other than MYH1 do
exist. These pathways could be due to the additional beta subunit,
stiffening of the OHC membrane'®, or prestin alignment for
electromotility amplification®?

Here, we report five patients with autosomal recessive hearing
loss in whom biallelic missense variants of MYH1 were identified.
According to the ACMG/AMP guidelines, the identified missense
variants are of uncertain significance, and further genetic
confirmation is required. Notably, three of the five patients also
exhibited osteopenia, mirroring the reduced bone mineral density
observed in Myh1-KO mice. Furthermore, variants of MYH1 in the
head domain caused decreases in prestin activity (p.lle460Thr,
p.Lys744Thr, and p.Glug813Val) and traction force (p.GIn194His,
p.lle460Thr, and p.Lys744Thr) in vitro compared with those of
wild-type MYH1. These results suggest the hypomorphic nature
and potential deleteriousness of the MYHT variants in the head
domain.
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The gnomAD database contains 197 MYHT alleles with loss-of-
function variants, each having minor allele frequencies <0.005,
suggesting the presence of potential disease-causing alleles®’. In
addition, compound heterozygous events of MYHT missense
variants are expected to be rare. According to variant co-
occurrence data in gnomAD, out of 125,748 individuals, 434
carried more than two MYHT variants with an MAF of <0.005.
Among these 434 individuals, 43 were unphased, 390 carried
MYHT variants in a cis configuration, and only 1 carried variants in
a trans configuration. Compound heterozygous missense MYH1
variants were reported as a likely pathogenic cause of childhood
absence epilepsy in a child who also exhibited global develop-
mental delays®®. However, whether the child also has hearing loss
is unclear. Data provided in gnomAD revealed two South Asian
individuals homozygous for one of the MYHT variants (c.868C > T;
p.Arg290Cys), suggesting that this variant is unlikely to cause a
severe phenotype, such as global developmental delay.

Other members of the myosin heavy chain family are
associated with hearing loss in humans. MYH9 (MIM:
1607750) and MYH14 (MIM: 608568), both of which are class
Il myosin heavy chains in nonmuscle cells, are implicated in
autosomal dominant hearing loss, specifically DFNA17 (MIM:
603622) and DFNA4A (MIM: 600652), respectively®®’®. In
addition, unconventional myosins are implicated in hearing
loss. Mutations in MYO3A (MIM: 606808) are responsible for
DFNB30 (MIM: 607101)%*, and MYO6 (MIM: 600970) is mutated
in DFNA22 (MIM: 606346) and DFNB37 (MIM: 607821)"""2.
Mutations in MYO7A (MIM: 276903) are implicated in two forms
of NSHL, DFNA11 (MIM: 601317) and DFNB2 (MIM: 600060)”>"%.
MYO15A (MIM: 602666) is also implicated in DFNB3 (MIM:
600316)”°. Mutations in MYO15A are currently the third most
common cause of hearing loss, with ~192 mutations identified
to date. These mutations mostly cause prelingual severe-to-
profound hearing loss, although some result in postlingual
progressive hearing loss, likely depending on the nature of the
mutation’®. By combining our phenotype evaluation in mice
with the IMPC database, we found that MyhT7-knockout mice
presented not only hearing impairment but also a decreased
bone mineral density, abnormal vocalization, reduced grip
strength, and lower urinary creatinine levels. While individuals
with recessive MYHT variants did not consistently display all
these phenotypes, three probands (YUHL624-21, YUHL110-21,
and YUHL105-21) presented a decreased bone mineral density,
which could be explained by a common myosin-related
pathogenesis. Additional population-based studies are neces-
sary to establish a strong genotype-phenotype correlation for
MYH]1.

In conclusion, our study elucidates the novel function of MYH1
in hearing. Its correlation with prestin activity implies that MYH1
plays an essential role in cochlear amplification and auditory
functions in mice.
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