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RESEARCH ARTICLE
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Abstract

Age-related hearing loss (ARHL) is a common sensory impairment with complex underlying

mechanisms. In our previous study, we performed a meta-analysis of genome-wide associ-

ation studies (GWAS) in mice and identified a novel locus on chromosome 18 associated

with ARHL specifically linked to a 32 kHz tone burst stimulus. Consequently, we investigated

the role of Formin Homology 2 Domain Containing 3 (Fhod3), a newly discovered candidate

gene for ARHL based on the GWAS results. We observed Fhod3 expression in auditory hair

cells (HCs) primarily localized at the cuticular plate (CP). To understand the functional impli-

cations of Fhod3 in the cochlea, we generated Fhod3 overexpression mice (Pax2-Cre+/-;

Fhod3Tg/+) (TG) and HC-specific conditional knockout mice (Atoh1-Cre+/-; Fhod3fl/fl) (KO).

Audiological assessments in TG mice demonstrated progressive high-frequency hearing

loss, characterized by predominant loss of outer hair cells, and a decreased phalloidin inten-

sities of CP. Ultrastructural analysis revealed loss of the shortest row of stereocilia in the

basal turn of the cochlea, and alterations in the cuticular plate surrounding stereocilia root-

lets. Importantly, the hearing and HC phenotype in TG mice phenocopied that of the KO

mice. These findings suggest that balanced expression of Fhod3 is critical for proper CP

and stereocilia structure and function. Further investigation of Fhod3 related hearing

impairment mechanisms may lend new insight towards the myriad mechanisms underlying

ARHL, which in turn could facilitate the development of therapeutic strategies for ARHL.
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1 Introduction

Age-related hearing loss (ARHL) is one of the most common causes of sensorineural hearing

loss among the elderly population. Numerous studies have identified candidate genes associ-

ated with ARHL, implicating cellular pathways such as oxidative stress response [1,2], inflam-

mation [3,4], and cellular senescence [5,6]. However, with the polygenic nature [7] and

phenotypic heterogeneity of ARHL [8], the underlying mechanisms have not been fully eluci-

dated. Further investigation is necessary to facilitate targeted interventions and personalized

treatment approaches for ARHL.

Genome-wide association studies (GWAS) have been conducted in humans to explore the

genetic architecture of ARHL and have successfully identified loci associated with susceptibil-

ity to ARHL [9,10]. However, GWAS studies often explain only a fraction of the heritability of

complex traits, which imply the presence of undiscovered genetic variants contributing to

ARHL. This may be attributed to limitations in study design, sample size, or the influence of

rare variants that are challenging to detect. To address these challenges, we performed GWAS

on a cohort of approximately 100 extensively characterized inbred mouse strains, known as

the hybrid mouse diversity panel (HMDP) [11]. This robust resource enables the investigation

of both genetic and environmental influences on age-related hearing loss polygenic traits. Our

study successfully identified distinct genetic and phenotypic differences, expanding upon the

known Mendelian ARHL genes (Ahl) described to date [12,13]. The mouse model provides a

valuable platform for studying the genetics of hearing loss, as the mouse and human ears are

functionally and genetically homologous, allowing for the translation of findings to human

populations [11,14–15]. However, additional studies are required to fully understand how the

identified variants influence the ARHL phenotype. The loss of cochlear HCs and their associ-

ated mechanoelectrical transduction function significantly contributes to the development of

ARHL [16]. HCs, specialized sensory cells within the inner ear, possess stereocilia, tiny hair-

like structures arranged in a staircase pattern. Each stereocilium consists of a bundle of parallel

actin filaments, tightly regulated in length, and anchored at their base into a cuticular plate

that consists of dense branched actin meshwork. Actin-regulatory proteins play a crucial role

in maintaining the fine actin structure, and mutations in these proteins have been associated

with various forms of hereditary hearing loss [17]. However, the precise role of actin-regula-

tory proteins in ARHL remains unclear. Rho-GTPases, such as cell division cycle 42 (Cdc42)

and RhoA, are well-known actin-regulatory proteins that play a pivotal role in regulating actin

dynamics in HCs [18,19]. Formin proteins that function as downstream effectors of RhoA are

involved in regulating multiple cellular actin cytoskeletal elements by nucleating and polymer-

izing actin filaments [20]. While the Diaphanous related formin family (DRF) members

DIAPH1 [21] and DIAPH3 [22,23] are known hereditary hearing loss-related proteins, the

physiological role of other DRF proteins in the HC, such as FHOD, have yet to be identified.

Given the specialized actin structural organization of hair cell stereocilia, actin-regulatory pro-

teins such as formins are a natural candidate for further exploration.

FHOD3, initially described in the regulation of sarcomere organization in cardiomyocytes,

has been localized to thin actin filaments with abundant expression in both myocardium and

skeletal muscle [24]. Depletion of FHOD3 leads to a reduction of filamentous actin and disrup-

tion of sarcomere organization in cardiac cells [24]. Studies have shown that FHOD3 is

involved in actin polymerization and myofibril integrity [25]. Interestingly, FHOD3 has been

observed at the pointed ends of actin filaments, where depolymerization normally occurs, sug-

gesting a potential role in annealing short actin filaments [26].

In this study, we aimed to investigate the functional implications of Fhod3, a novel candi-

date gene for ARHL identified through meta-analysis GWAS in mice. We generated two
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mouse models: Fhod3 overexpression mice (Fhod3Tg/+; Pax2-Cre+/-) and HC-specific condi-

tional knockout mice (Fhod3fl/fl; Atoh1-Cre+/-) to assess the effects fluctuation in FHOD3 levels

on the functioning of inner ear with audiological assessments in the transgenic mice revealing

a progressive high-frequency hearing loss phenotype, accompanied by the predominant loss of

outer HCs and deterioration of the cuticular plate. Scanning electron microscopy analysis

demonstrated loss of the shortest row of stereocilia, particularly in the mid-base and base

regions of the cochlea. Furthermore, targeted deletion of Fhod3 replicated the progressive

hearing loss and HC deterioration observed in the Fhod3 overexpression mutants. These find-

ings suggest a critical role for Fhod3 in maintaining the cuticular plate and stereocilia of

cochlear hair cells.

2. Results

2.1 Random effects meta-analysis GWAS identifies 5 loci for ARHL in mice

Mouse strains exhibit higher heritability for complex traits, and the genetic loci associated

with these traits tend to exert stronger effects compared to humans. Motivated by these advan-

tages, we performed the first GWAS of its kind in the mouse by combining several data sets in

a metaanalysis to identify loci associated with ARHL [13]. We identified five genomewide sig-

nificant loci (P<1.0x10−6). One of these confirmed a previously identified locus (Ahl8) on dis-

tal chromosome 11 and greatly narrowed the candidate region. Another locus of interest

appeared for the 32 kHz tone burst stimulus and localized to chromosome 18 with the peak

SNP

(position 24320393; P = 2.32 x 10−6) appearing within a haplotype block between 24.25 and

25.65 Mb containing the formin-like gene Fhod3 [13]. Due to its role in actin regulation, we

decided to delve into the potential role of Fhod3 in hair cell actin structures, with the hope of

identifying new insights towards high-frequency and progressive hearing loss.

2.2 Spatial expression patterns of Fhod3 mRNA and protein in the cochlea

To analyze the gene expression patterns of Fhod3 in the inner ear, we employed multiplexed

error-robust fluorescence in situ hybridization (MERFISH) [27] in P5 cochlea. The application

of single-molecule imaging allowed us to visualize Fhod3 expression in auditory HCs and spi-

ral ganglion neurons (SGNs) of the cochlea with high resolution (Fig 1A–1C). Additionally,

we conducted immunofluorescence staining in P5 cochleae to further confirm the localization

of Fhod3. Our results revealed the expression of Fhod3 in both outer HCs and inner HCs

(Fig 1B), and in SGNs (Fig 1C). Supporting these findings, data obtained from gEAR.org [28]

corroborates the high enrichment of Fhod3 expression specifically in cochlear HCs. We gener-

ated a conditional knock-out mouse model targeting Fhod3 specifically in HCs using

Atoh1-cre and Fhod3-flox mice. In these knock-out mice (Fhod3fl/fl; Atoh1-Cre+), Fhod3 sig-

nals were absent in HCs but still observed in SGNs, verifying our detection of Fhod3 expres-

sion in the cochlea and the HC specificity of the Fhod3fl/fl; Atoh1-Cre+/- mouse (Fig 1D).

Furthermore, to gain insights into the subcellular localization of Fhod3 within HCs, we went

to characterize endogenous Fhod3 expression and immunolocalization across young adults B6

mice and Guinea pig cochlea (Fig 1E and 1F) which show Fhod3 localization adjacent to the

third and shortest stereocilia row in basal OHCs only in the region near the cuticular plate in

both species and highlighting Fhod3 broader conservation of localization. To overcome high

levels of background experienced with available commercial antibodies through whole-mount

setups, we developed an Fhod3-HA tagged knock-in mouse model (Fhod3HA/+) in which a

3xHA sequence was inserted into the C-terminus of Fhod3 prior to the stop codon. Anti-HA

staining and Airyscan confocal microscopy imaging revealed that Fhod3 predominantly
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Fig 1. Cellular and Subcellular localization of Fhod3 in the mouse cochlea. Fhod3 mRNA expression in the mouse

cochlea at post neonatal day 5 (P5) (A-B). A) Multiplexed error robust fluorescent in-situ hybridization (MERFISH)

image of the mid modiolar section. Fhod3 transcripts (green) expressed in the hair cell (HC) (arrowhead) and spiral

ganglion cells (SGCs) (arrow). Myo7a is for HC marker (magenta) and Meg3 (dark blue) is for SGN marker. Scale bar;
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localized to the cuticular plate in HCs (Fig 1G and 1H). Together, these results confirm expres-

sion of Fhod3 in HCs, with localization in the actin-rich cuticular plate and adjacent to the

stereocilia shortest row.

2.3 Generation of a transgenic mouse model overexpressing Fhod3

In our meta-analysis GWAS, the largest sample set utilized backcross data with C57/Bl6 (B6)

and DBA/2J (D2) strains to map Ahl8 [13]. Considering the hearing effect observed in our

meta-analysis, we aimed to investigate the potential differential expression of Fhod3 as a plausi-

ble mechanism. Through quantitative PCR (qPCR) analysis, we found significantly higher levels

of Fhod3 mRNA in D2 cochleae, a model of early-onset progressive hearing loss (Fig 2A).

These findings led us to hypothesize that Fhod3 expression variation might contribute to hear-

ing loss. To further explore this hypothesis, we sequenced the Fhod3 clone obtained from B6

cochleae and identified three missense mutations (A1888C/rs29670988, C2232T/rs13483257,

and G2730A/rs30077504) as well as four synonymous polymorphisms in the D2 allele (Fig 2B).

Although the coding variations in the D2 allele were not predicted to be deleterious by Poly-

Phen and SIFT software, we postulated that the hearing loss phenotype could still be associated

with this region, possibly due to Fhod3 overexpression in D2. To investigate this hypothesis, we

generated a transgenic mouse model by introducing the full-length Fhod3 cloned from B6

cochleae between loxP-flanked stop cassettes and IRES-GFP, allowing tissue-specific Fhod3

overexpression in vivo (Fig 2C). Two transgenic mouse lines were obtained and subsequently

crossed with a B6 Pax2-Cre driver line [29] to induce Fhod3 overexpression in the developing

inner ear epithelium. The resulting offspring carrying both the Fhod3 allele and Pax2-Cre genes

(Pax2-Cre+/-; Fhod3Tg/+) exhibited normal survival and did not display any gross morphological

phenotype. Through qPCR and immunofluorescence, we observed elevated levels of Fhod3

mRNA (Fig 2D) and of FHOD3 protein expression in the mutant cochlea (Fig 2E).

2.4 Inner ear specific Fhod3 overexpression leads to progressive high-

frequency hearing loss with outer hair cell dominant HC loss and cuticular

plate deterioration

To assess the hearing function of the Fhod3 transgenic mice (Fhod3Tg/+; Pax2-Cre+/-), auditory

brainstem responses (ABR) were measured at 6 and 12 weeks postnatally. The mutant mice dem-

onstrated progressive elevation of ABR thresholds specifically at 24 kHz and 32 kHz frequencies

(Fig 3A). Corresponding to the threshold elevation, histological examination revealed HC loss

predominantly in the OHCs within the region associated with high frequencies at 5 months old

(Fig 3B). The OHC survival rate in the TG mice was significantly decreased at the basal turn

region compared to WT mice (Fig 3C). Additionally, a significant reduction in phalloidin inten-

sity at the cuticular plate, a critical structure composed of a dense actin meshwork, was observed

500μm. B-C) High magnification image of organ of Corti (B) and spiral ganglion cells (C) of Fig 1 A. Fhod3 expression

was observed in both HCs and SGNs. Cell boundaries were stained with cell boundary staining kit (Vizgen) and

depicted by grey color. Scale bar; 25μm. D) Cryosections of cochleae and insets for organ of Corti 5X magnified, from

wild type (WT) and Fhod3 knock-out (Atoh1-Cre+/-; Fhod3fl/fl) (KO) mice at P14 were stained by Tuj1, Fhod3,

phalloidin and DAPI. Fhod3 expressions were observed in both HCs ant SGCs. No Fhod3 signals was detected in the

KO mouse HCs (n = 3 animals from each condition). Scale bar; 50μm. E-F) whole-mount sections from basal area of

P20 B6 mice and 2-months old Guinea Pigs showing Fhod3 localization adjacent to the shortest stereocilia row in basal

OHCs only in the region near the cuticular plate. B6 mice and Guinea pigs were dissected and stained by Fhod3 and

phalloidin. Scale bar: 10 μm. G-H) Outer HCs images at P2 in Fhod3-3xHA knock-in mouse (Fhod3HA/+). Cochleae

were dissected and stained with anti-HA (magenta) and phalloidin (green) antibodies. Fhod3 signals were mainly

observed in cuticular plate (asterisk) (E). Lateral view of outer hair cells and arrow head indicate HA-positive cuticular

plate inset (arrowhead) (F). Scale bar: (E) 5μm, (F) 10μm.

https://doi.org/10.1371/journal.pgen.1011211.g001
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in OHCs at the mid-basal turn (Fig 3D and 3E). These findings strongly suggest that increased

Fhod3 expression reduces HC integrity, leading to progressive hearing loss through HC loss.

2.5 FHOD3 overexpression deteriorated the third row of stereocilia of the

hair cells in the base of the cochlea

To investigate the impact of Fhod3 overexpression on stereocilia, we conducted an ultrastruc-

tural analysis using scanning electron microscopy on transgenic mice (TG) (Fhod3Tg/+;
Pax2-Cre+/-) in comparison to wild-type mice (WT) (Fhod3Tg/+; Pax2-Cre-/-) at 7 weeks of age.

Our examination revealed a significant decrease in the number of stereocilia in the shortest

(third) row of both inner and outer hair cells within the basal regions of the cochlea in the TG

mice (Fig 4). These findings, combined with our localization data demonstrating Fhod3 pres-

ence in the cuticular plate (Fig 1E and 1F), indicate that FHOD3 plays a crucial role in main-

taining the stereocilia of both IHCs and OHCs via the cuticular plate.

Fig 2. Higher expression and nonsense mutations of Fhod3 in the DBA/2J mice and generation of Fhod3

transgenic mouse. (A) Comparison of Fhod3 mRNA expression between C57/BL6 (B6) and DBA/2J (D2) mice.

Cochlear mRNA was extracted from P2 mice, and Fhod3 and GAPDH were amplified using gene-specific primers.

The relative expression level of Fhod3 was calculated. (B6 vs D2; 1.07 ± 0.088 vs 2.00 ± 0.643, p** = 0.0079 by Mann-

Whitney U test n = 5). (B) Identification of missense mutations in Fhod3 from D2 mice. A comparison of Fhod3

sequence cloned from B6 cochlea revealed three non-deleterious mutations: 1888A>C, 2232T>C, and 2730G>A.

Reference SNP (rs) numbers are indicated, and changed residues are underlined. (C) Illustration of the generation of

the Fhod3 overexpression mouse model. Fhod3 from B6 cochlea was inserted into the CMV/Beta actin Promoter-

loxP-STOP-loxP-MCS-IRES-GFP vector, generating a transgenic mouse overexpressing Fhod3 (TG) downstream of

the flanked stop codon, controlled by the CMV promoter. The TG mouse was subsequently intercrossed with the

Pax2-Cre mouse line to achieve cochlear-specific overexpression of Fhod3 in vivo. (D) Relative expression of Fhod3 in

wild-type B6 and TG mice. mRNA was obtained from the mice cochleae at P2, and quantitative PCR was performed.

Fhod3 expression was normalized to GAPDH. (WT vs TG; 1.00 ± 0.311 vs 5.84 ± 0.821, p** = 0.0095 by Mann-

Whitney U test, n = 4). (E) Immunofluorescence intensity of Fhod3 in wild-type (WT) and TG mice at P2. The glow-

scale bar demonstrates the color gradient of the scale. Scale bar; 5μm.

https://doi.org/10.1371/journal.pgen.1011211.g002
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2.6 Targeted deletion of Fhod3 induced progressive hearing loss and hair-

cell deterioration

Constitutive knockout of Fhod3 in mice results in prenatal lethality, likely due to developmen-

tal defects in the myocardium [25]. Therefore, to gain deeper insights into the specific impact

of Fhod3 deficiency on the mouse cochlea, it was crucial to achieve tissue specific inactivation

of Fhod3. To accomplish this, we generated mice with a floxed allele of Fhod3 combined with

a Atoh1 promoter-driven Cre construct, enabling HC-specific Fhod3 inactivation. Remark-

ably, these mutant mice exhibited a hearing phenotype similar to that of Fhod3 overexpression

mutants, characterized by elevated auditory brainstem response (ABR) thresholds specifically

at the highest frequencies of 24 kHz and 32 kHz (Fig 5A). Importantly, the observed high

Fig 3. Auditory phenotype and immunohistochemical analysis of Fhod3-TG mice. (A) Auditory brainstem

response (ABR) thresholds with pure-tone bursts at various frequencies in WT (Pax2-Cre-/-; Fhod3Tg/+) and TG

(Pax2-Cre+/-; Fhod3Tg/+) mice at 6 weeks and 12 weeks of age. Significant differences were observed at 24 kHz and 32

kHz, and the thresholds elevation at both frequencies are progressive. Statistical analysis performed using two-way

ANOVA followed by a Tukey post-hoc test. (n = 12 for each group) [WT vs TG: (6 weeks) 26.7 ± 1.47 vs 38.3 ± 6.91 dB

at 24kHz, p = 0.0097, 42.1 ± 7.72 vs 64.6 ± 3.97 at 32 kHz, p<0.0001; (12 weeks) 25.0 ± 1.01 vs 46.25 ± 5.99 dB at 24

kHz, p<0.0001, 42.9 ± 5.28 vs 75.4 ± 2.13 dB at 32 kHz, p<0.0001]. (B) Representative confocal images of the basal

turn cochlea at 5 months old, showing immunostaining with Myosin6 and phalloidin. White dots indicate hair cell

losses. Scale bar; 20μm. (C) Survival hair cell rate in WT and TG mice at 5 months old. The number of surviving

Myo6-positive inner and outer hair cells (IHCs and OHCs) was counted, and the survival rate was calculated in the

apical (Api), middle (Mid) and basal (Base) turn cochleae. The survival rate of OHC in TG mice at the basal turn

cochlea was significantly decreased compared to the WT control (WT vs TG (%): (IHC)100 vs 100 at apical turn (Api),

98.7± 0.95 vs 97.7±1.51 at middle turn (Mid), 94.7±2.24 vs 85.9±6.90 at basal turn (Base); (OHC) 97.1±1.16 vs 95±2.56

at Api, 96.8±0.36 vs 96.5±1.42 at Mid, 95.6±0.64 vs 75.93±8.98 at base, p* = 0.0233 by two-way ANOVA followed by a

Tukey post-hoc test) (WT vs TG in the basal OHC (%): 95.6±0.64 vs 75.93±8.98, p* = 0.023 by Mann-Whitney U test,

n = 4). (D) Immunofluorescence images in the cuticular plate of TG mice and the control at 5 months old. Phalloidin

staining (grey) was performed and show representative images of IHC and OHC in the mid-basal turn cochlea.

Regions of interest for the measurement of phalloidin intensities are depicted by yellow color dots. Scale bar; 5μm. (E)

(WT vs TG: (IHC)1.00 ± 0.175 vs 0.92 ± 0.179; (OHC)1.00 ± 0.131 vs 0.70 ± 0.170, p***<0.001, by Mann-Whitney U

test). Statistical analysis of phalloidin staining in the cuticular plate at 5 months old. Each grey dots indicates relative

phalloidin intensities of remaining hair cells (total n = 86, 91, 273 and 279), and each colored dots demonstrates

average of the intensities per experiment (WT vs TG: (IHC)1.00 ± 0.175 vs 0.92 ± 0.179; (OHC)1.00 ± 0.131 vs

0.70 ± 0.170, p***<0.001, by Mann-Whitney U test, n = 3 animals).

https://doi.org/10.1371/journal.pgen.1011211.g003
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frequency hearing loss progressed over time and heterozygous (Het) mice also showed thresh-

old elevation in the high frequency. Additionally, we observed a significant increase in hair cell

loss in the basal turn of the cochlea at 3 months of age in KO mice (Fig 5B), along with a nota-

ble reduction in phalloidin intensity in IHCs and OHCs at the cuticular plate in the mid-basal

turn of the cochlea (Fig 5D and 5F), consistent with our findings in the transgenic overexpres-

sion mice (Fig 3E). Scanning electron microscopy analysis revealed fused, shortened, and

missing OHC and IHC stereocilia in the mid-base of the cochlea, corresponding to the tonoto-

pic region associated with hearing loss (Fig 5C). Transmission electron microscopy data of

OHC’s cuticular plate from Fhod3 WT and conditionally KO mice in the mid-basal-turn

cochlea at 3-months old (Fig 5E and 5G) showed significant increase in KO mice in the dis-

tance between the rootlet shaft and the dense actin web of the cuticular plate, which anchors

the stereocilia.

These results indicate that alterations in Fhod3 expression levels, whether elevated or

reduced, disrupts actin organization in the cuticular plate, contributing to stereocilia instability

and primarily affecting the third (shortest) row of stereocilia in the mid-basal regions of the

cochlea.

3. Discussion

Here we provide compelling evidence for the crucial role of Fhod3, identified through a meta-

analysis of GWAS for age-related hearing loss (ARHL), in maintaining proper hair cell struc-

ture and auditory function. Using genetic and molecular approaches, we demonstrated that

Fig 4. Ultrastructural analysis of Fhod3 transgenic mice\. Scanning electron microscopy (SEM) images and the

comparison of number of stereocilia in the third row of 7-weeks old age cochleae. (A) (B) SEM images of outer hair

cell (OHC) (A) and inner hair cell (IHC) (B) hair cell stereocilia in WT (Pax2-Cre-/-; Fhod3Tg/+) and TG (Pax2-Cre+/-;
Fhod3Tg/+) mice at basal turn cochleae. White boxed regions are magnified in the lower panel. Arrows indicate missing

(arrowhead) and remaining (arrow) third row stereocilia in the TG mice. [Scale bar; (A) 1μm, (B) 2.5μm]. (C)(D)

Comparison of number of stereocilia in the third row of OHC (C) and IHC (D) at middle and basal turn cochleae.

Statistical analysis was performed using Mann-Whitney U test. (C) n = 7 for the middle turn (Mid) and the basal turn

(Base) cochlea, p* = 0.0216 at Mid, p***<0.0001 at Base; (D) n = 11 for the Mid, n = 15 for the Base, p** = 0.0016 at

Mid, p***<0.0001 at Base.

https://doi.org/10.1371/journal.pgen.1011211.g004
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Fig 5. Phenotypic analysis of conditional knock-out mouse of Fhod3. (A) ABR measurements of wild type (WT)

(Math1-Cre-/-; Fhod3fl/fl) (n = 16), heterozygous (Het) (Math1-Cre+/-; Fhod3fl/+) (n = 4), knock-out (KO)

(Math1-Cre+/-; Fhod3fl/fl) (n = 9) mice at 6, 12 and 18 weeks of age. Two-way ANOVA was used to detect significant

differences, followed by a Tukey post-hoc test. p*<0.05, p**<0.01, p***<0.001. [WT vs KO: (6 weeks) 34.25 ± 4.12 vs

36.2 ± 2.83 dB at 24kHz, 36.3 ± 5.03 vs 50.1 ± 6.35 at 32 kHz, p** = 0.0096; (12 weeks) 32.3 ± 1.20 vs 52.9 ± 5.80 dB at
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altered expression of Fhod3 leads to progressive high-frequency dominant hearing loss in two

different mouse models: Pax2-Cre+/-; Fhod3Tg/+ and Atoh1-Cre+/-; Fhod3fl/fl. Moreover, we

observed the deterioration of the cuticular plate and the shortest row of stereocilia in the

mutant mice, indicating that dysregulation of Fhod3 expression levels disrupts the integrity of

the actin-rich cuticular plate and stereocilia. This results in the loss of OHCs, a potential mech-

anism underlying ARHL.

In our previous meta-analysis GWAS, which mainly involved C57BL/6J (B6) and DBA/2J

(D2) F1 intercross data, we identified five genome-wide significant loci associated with ARHL

in mice [13]. In this study, we focused on investigating the potential involvement of Fhod3 in

high-frequency and progressive hearing loss, despite the presence of several other candidate

genes within the 1Mb interval of the haplotype block. Although we did not find deleterious

Fhod3 polymorphisms in the D2 strain (Fig 2B), quantitative PCR revealed significantly higher

inner ear expression of Fhod3 in D2 compared to B6 (Fig 2A). Furthermore, Fhod3 mRNA

was detected in the human inner ear transcriptome [30], supporting a conserved role in mam-

malian hearing. We subsequently demonstrated that overexpression of Fhod3 in the inner ear

leads to high-frequency hearing loss in transgenic mice, accompanied by an altered actin

meshwork in the cuticular plate surrounding stereocilia rootlets and loss of the shortest row of

stereocilia in tonotopically corresponding hair cells. Notably, mice with P264L gamma actin

mutations exhibited a similar phenotype of stereocilia loss [31]. While mutations in Fascin

Actin-Bundling Protein 2 (Fscn2) were implicated in mid-high frequency hearing loss in D2

mice, they did not account for the complete D2 phenotype, including higher frequency loss

and disruption of stereocilia third row in OHCs [32]. These observations collectively indicate

that Fhod3 plays a unique role in high-frequency auditory HCs.

Other formin proteins have been associated with hereditary hearing loss, suggesting that

altered expression of Fhod3 in our mutant mouse models may contribute to the underlying

molecular mechanisms of hearing loss. Mutations in two formin-related hearing loss genes,

DIAPH1 and DIAPH3, are predicted to result in a gain-of-function mechanism [23,33]. In

line with this, our Fhod3 overexpression mouse model exhibited progressive hearing loss and

dominant loss of OHCs in the basal turn region, resembling the DIAPH1 transgenic mice

model [33,34]. Considering the subcellular localization of Fhod3 primarily in the cuticular

plate, and similar phenotypes between loss and overexpression of Fhod3 leading to defective

24 kHz, p** = 0.0031, 39.0 ± 4.51 vs 73.5 ± 4.55 dB at 32 kHz, p***<0.0001; (18 weeks) 34.9 ± 2.93 vs 53.8 ± 3.06 dB at

24kHz, p* = 0.0187, 51.4 ± 4.91 vs 80.8 ± 3.74 at 32 kHz, p***<0.0001]. [Het vs WT: (6 weeks) 41.8 ± 6.53 dB at 24kHz,

54.3 ± 5.43 at 32 kHz, p* = 0.0179; (12 weeks) 47.0 ± 9.42 dB at 24 kHz, 72.4 ± 6.29 dB at 32 kHz, p***<0.0001; (18

weeks) 67.3 ± 13.6 dB at 24kHz, p*** = 0.0002, 86.0 ± 4.86 at 32 kHz, p***<0.0001]. (B) Immunohistochemical

analysis was conducted on WT and KO mice cochleae from the basal turn cochlea at 3 months of age. Cochleae were

harvested, fixed, and stained with Myo6 and phalloidin. Hair cell losses are represented by yellow dots. Scale bar:20μm.

(C) SEM images of OHC and IHC of WT and KO in the mid-basal-turn cochlea at 3-months old. Abnormal fused

stereocilia (arrow), short and missing stereocilia in the third row (arrowhead) and complete loss of stereocilia (asterisk)

in KO mice are indicated. Scale bar; 3μm. (D) Representative images of cuticular plate with phalloidin staining in WT

and KO mice in the mid-basal turn cochlea at 3-months old. Regions of interest for the following phalloidin staining

analysis (D) are depicted (yellow dots). (WT vs KO: (IHC)1.00 ± 0.037 vs 0.96 ± 0.005, p* = 0.035; (OHC)1.00 ± 0.023

vs 0.67 ± 0.017, p***<0.001 by Mann-Whitney U test) Scale bar; 5μm. (E) TEM images of OHC’s cuticular plate from

WT and KO in the mid-basal-turn cochlea at 3-months old show significant increase in the distance between the

rootlet shaft and the dense actin web, which anchors the stereocilia in mice lacking Fhod3 compared to WT. Scale bar;

400nm (low mag) and 200nm (high mag). (F) Statistical analysis of phalloidin staining in the cuticular plate at

3-months old. Each grey dots indicates relative phalloidin intensities of survival hair cells (total n = 86, 91, 273 and

279), and each colored dots demonstrates average of the intensities per experiment (p***<0.001 by Mann-Whitney U

test, n = 3 animals). (G) Statistical analysis of rootlet distance from shaft to the dense actin web (in nM) in the cuticular

plate at 3-months old. The small dots correspond to single rootlet measurement while large dots represent the cell’s

average. Measurement was taken from 7 OHC’s from WT and KO mice each and Two-way ANOVA was used to

detect significant differences. p**<0.01. n = 2 animals.

https://doi.org/10.1371/journal.pgen.1011211.g005
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cuticular plate structure, we speculate that Fhod3 expression must be tightly controlled to pre-

serve normal cuticular plate and stereocilia structure. The high frequency range of hearing is

particularly susceptible to damage, perhaps due to its greater mechanical demands, but maybe

also perhaps as a result of accumulated age-related damage due to higher metabolic require-

ments [2]. Significantly, targeted deletion of Fhod3 in conditional knockout mice resulted in a

similar phenotype, characterized by elevated ABR thresholds and stereocilia deterioration in

the mid-base region of the cochlea. Even heterozygous mice exhibited progressive hearing loss

in the high-frequency range, indicating a dose-dependent effect of Fhod3 expression.

We speculate that Fhod3 overexpression may have a dominant negative effect due to a lack

of correspondingly increased expression of yet to be identified binding partners that activate

Fhod3 activity. Future studies should explore how altered Fhod3 expression impacts the

expression and localization of other proteins involved in cuticular plate, rootlet, and stereocilia

organization. We speculate that the loss of the shortest rows of stereocilia is because the cuticu-

lar plate plays an important role in anchoring stereocilia and maintaining their stability, with

Fhod3 playing an important role in this process. Indeed, prior modeling studies have proposed

that a properly organized cuticular plate is required to provide the necessary force for stereoci-

lia protrusions to be maintained. Importantly, while formin proteins are classically assumed to

be involved in actin polymerization at actin barbed ends, Fhod3 has been shown to be impor-

tant for pointed-end capping [24]. This is noteworthy since the pointed ends of stereocilia

actin filaments are in the rootlets within the cuticular plate [35–37]. Together, our findings are

consistent with a critical role for Fhod3 in balancing actin dynamics in the cuticular plate and

stereocilia. More broadly, our results highlight the importance of fine-tuning the expression

level of certain actin-regulatory proteins to properly maintain critical actin-based structures in

HCs, which in the case of some humans must function for over 100 years.

Overall, our study highlights the importance of Fhod3 in regulating actin dynamics and its

critical role in maintaining the structural integrity of HCs in the cochlea. These findings provide

valuable insights into the physiopathology of ARHL and open potential avenues for therapeutic

interventions. Further investigations into the molecular mechanisms underlying Fhod3-me-

diated actin dynamics and its interaction with other proteins involved in hearing loss will

deepen our understanding of the disease and pave the way for targeted therapeutic strategies.

4 Material and methods

4.1 Ethics statment

All animal protocols were approved (s17178) by the Institutional Care and Use Committee

(IACUC) at University of California San Diego (UC San Diego). C57BL/6J and CBA/J mice

used in this study were purchased from Jackson Laboratory (ME, USA).

4.2 Establish Fhod3 over-expression mouse model

We generated a transgenic (TG) mouse model of Fhod3 expressing CAG-loxP-STOP-loxP

(LSL)mouse Fhod3-IRES-GFP. Cochlear RNA was extracted from C57BL/6J mouse with

Micro Scale RNA isolation Kit (Ambion) according to the manufacturer’s instructions, fol-

lowed by cDNA synthesis using ProtoScript Taq RT-PCR Kit [New England Biolabs (NEB),

Ipswich, MA, USA]. Fhod3 cDNA was amplified with PrimeSTAR GXL DNA Polymerase

(R050B; Takara Bio, San Jose, CA, USA) using a pair of primers (5’-CACCATGGCCACGC

TGGCTTGTCGCGTGCAG3’ for the forward and 5’-GAGCATGCTCACAGTTGCAGTTCA

GATGTG -3’ for the reverse primer), and subcloned into the pENTR/D-TOPOvector (K2400-

20; Thermo Fischer Scientific, Waltham, MA, USA). For the general donor vector, a pair

primer (5’-TGCAGGATCCATCGATCACCATGGCCACGCTGGCTTGTCGCGTGCAG-3’
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for the forward and 5’- CGAGCTCGTCGACGATTCACAGTTGCAGTTCAGATGTG-3’ for

the reverse primer) was utilized for amplifying Fhod3 cDNA from the plasmid and this 4.7kb

fragment was subsequently cloned into a pGreen-RAGE vector cut with EcoR-V, which

includes a CMV/Beta actin Promoter-LSL-MCS-IRES-GFP, by using Gibson Assembly Clon-

ing Kit (NEB, USA). After confirming the identity of the plasmid by sequencing, the linearized

construct was electroporated into mouse embryonic stem cells (mESCs) with a C57BL/6 back-

ground. Genotyping was performed using the following primer set; 5’-TGCAGGATCCATCG

ATCACC3’ and 5’-AACTTCGACCCAACGAGC-3’. Fhod3-overexpression mice were gener-

ated by crossing Tg(Pax2-cre)1Akg/Mmncmice [28] with the Fhod3Tg/+ and maintained on a

C57BL/6 background.

4.3 Generation of hair-cell specific Fhod3 conditional knock-out mouse

HC specific Fhod3 conditional knockout mice (KO) were generated by crossing B6.Cg-Tg
(Atoh1cre)1Bfri/Jmice (The Jackson Laboratory, stock no. 011104) with Fhod3fl/fl mice

imported from Kyushu University in Japan and was generated as previously described

[38, 39]. The Fhod3fl/fl mice contain loxP sites flanking exon 18 of the Fhod3 gene as well as

the Pax2 Cre strain were maintained on a C57BL/6 background.

4.4 Generation of Fhod3-HA knock-in mice

Using CRISPR/Cas9 editing we generated Fhod3-HA fusion knock-in mice expressing three

copies of the human influenza hemagglutinin (HA; TACCCGTATGATGTTCCGGATTAC

GCT) tag sequence integrated at the C-terminus of Fhod3. Geneious Prime software (Biomat-

ters, Auckland, New Zealand) was utilized to identify the following guide RNA (gRNA)

sequences:

GCAGTTCAGATGTGCCAACC was located on the last coding exon (exon 28) and

GCTGAGCAGAGGACCAGATC was located on the Fhod3 3’ untranslated region (3’UTR).

For homology-directed repair (HDR), an 1,879 base-pair Fhod3 donor fragment was amplified

from mouse genomic DNA by using the following primers (5’-GCCCATAGGAGGGCCTTT

ACATTTAGTTTTG-3’and 5’-CAGGTGCCTAGAAAGTGACTTAGATTTCCAGG-3’) and

cloned into a custom mini-circle compatible hybrid donor plasmid consisting of two U6 pro-

moters (one for each guide) and a docking site for the homology arms and HA tag as previ-

ously described [40]. Integration of the amplified mouse genomic DNA into the donor

plasmid and integration of the 3x HA tag before the stop codon were each carried out by Gib-

son assembly (NEB, USA). HDR into C57BL/6J background mouse embryos was carried out

by mixing the plasmid donor, guide RNAs [Integrated DNA Technologies (IDT), IA, USA]

and Cas9 protein (Alt-R S.p. HiFi Cas9 Nuclease V3; IDT, USA) together and were microin-

jected into mouse embryos. The expression of HA-tagged Fhod3 in born pups was verified

using the following set of primers: 5’-GCTTTCCACATAGCACCTACA-3’ and 5’- CAGA

TGTTCAGGTCAAGTCTCC-3’ and the strain was maintained on a C57BL/6 background.

4.5 Immunofluorescence staining

Mice were anesthetized using an intraperitoneal injection of an anesthetic cocktail (ketamine

92.5mg/kg, xylazine 10 mg/kg, and acepromazine 1.85 mg/kg) and fixed via transcardial perfu-

sion with 4% paraformaldehyde (PFA) in 0.1 M phosphate-buffered saline (PBS) (pH 7.4). The

cochleae were harvested and post-fixed overnight at 4˚C in 4% PFA in 0.1 M PBS (pH 7.4).

After fixation, the cochleae were dissected, and surface preparation was performed. The dis-

sected tissues were permeabilized in PBS with 0.3% PBST (PBS with 0.3% Triton-X) for 30

min at room temperature, followed by blocking with 10% normal goat serum (NGS) in 0.03%
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PBST for 1 h at room temperature with agitation. Primary antibodies (see below) were applied

to the samples in 0.03% PBST with 3% NGS and incubated overnight at 4˚C. After washing

three times with 0.03% PBST for 10 min each, the tissues were incubated with secondary anti-

bodies in 0.03% PBST with 3% NGS for 1 h at room temperature with agitation. The stained

tissue was briefly washed with 0.03% PBST and mounted in ProLong Antifade (Thermo Fisher

Scientific, Cat#P36970, Carlsbad, CA, USA) with a coverslip. Imaging was performed using a

confocal microscope with Airyscan processing (LSM880; Carl Zeiss, Jena, Germany).

For cryo-sectioning, the fixed cochleae were decalcified in 0.12 M ethylenediaminetetraace-

tic acid (EDTA) at 4˚C for 48 h, followed by cry protection in 30% sucrose at 4˚C overnight.

The samples were then embedded in O.C.T. compound (Sakura Finetek, CA, USA) and cryo-

sectioned into 10 μm thick slices using a cryostat (CM1860; Leica Biosystems, Nussloch, Ger-

many), The sections were mounted on glass slides, and immunofluorescence staining was per-

formed on the glass slide using a hydrophobic barrier pen (IHC World, Cat# SPM0928, MD,

USA), as described above.

4.6 Antibodies

The following antibodies were used (polyclonal unless indicated): Fhod3 (Thermo Fisher Sci-

entific, Cat# PA5-23313, 1:100); Myo6 (Proteus Bioscience, Cat# 25–6791, 1:250); anti-HA tag

(Abcam, Cat# ab9110, 1:100); TuJ-1 monoclonal (R&D systems, Cat# MAB1195, 1:500); Alexa

Fluor 568 conjugated phalloidin (Thermo Fischer Scientific, A12380, 1:250); 4’6369 diami-

dino-2-phenylindole (DAPI) (Novus Biologicals, Cat# NBP2-31156, 1:50,000); Alexa Fluor

647-conjugated anti-mouse IgG2a (Thermo Fischer Scientific, Cat# A-21241, 1:500); Alexa

Fluor 371 488-conjugated anti-rabbit IgG (Themo Fischer Scientific, Cat# A-11008, 1:500).

4.7 Multiplexed error-robust fluorescence in situ hybridization (MERFISH)

Samples were prepared following the manufacturer’s instructions (Vizgen, Cambridge, MA,

USA). Briefly, cochleae from postnatal day 5 (P5) C57Bl/6J mice were fixed and cryo-sectioned

into 10 μm thick slices as described above. RNase inhibitor (NEB, Cat# M0314L, USA) was used

to preserve RNA integrity during the dehydration step. The cryosections were placed onto

MERSCOPE slide glass (Vizgen, Cat# 20400001, MA, USA) and permeabilized in 70% ethanol

at 4˚C for 24 hours. Tissues were then incubated with blocking solution (Vizgen, Cat#

20300012, USA) containing cell-boundary staining antibodies (Vizgen, Cat# 20300010 and

20300011, USA) for 1 hour at room temperature. Subsequently, the stained samples were incu-

bated with a customized 140 gene panel mix (Vizgen, Cat# 20300006, USA) including Fhod3

and Myo7a probes for 36 hours at 37˚C in a humidified cell culture incubator. After post-

encoding hybridization samples were washed with formamide wash buffer (Vizgen, Cat#

20300002, USA), embedded in a polyacrylamide gel incubated with digestion premix (Vizgen,

Cat# 20300005,USA), and incubated with clearing premix (Vizgen, Cat# 20300003) until tissues

became transparent. Images were acquired and analyzed using the MERSCOPE system (Vizgen,

USA). Cell-boundary staining was employed for cell segmentation parameter determination.

4.8 Quantitative real-time PCR

Cochleae were harvested at P2 and frozen in liquid nitrogen. Samples were stored at -80˚C

until following RNA extraction. RNA was isolated with Micro Scale RNA isolation kit

(Ambion, Austin, TX, USA) followed by reverse transcription using cDNA synthesis kit

(AMIL1791; Ambion, USA). Quantitative real-time PCR (qPCR) was conducted using Taq-

Man probe (Fhod3; Mm00614166_m1) obtained from applied biosystems. For each sample,

the qPCR assay was performed in triplicate and included the housekeeping gene, GAPDH, as a
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reference. The relative transcript quantity was determined using the 2-ΔΔCt method, with

GAPDH serving as the internal control [41].

4.9 Auditory brainstem response

To assess hearing of Fhod3-TG (Pax2-Cre+/-; Fhod3 TG/+), Fhod3-het (Atoh1-Cre+/-; Fhod3fl/+),

Fhod3-KO (Atoh1-Cre+/-; Fhod3fl/fl) mice and littermate control WT mice, auditory brain stem

responses (ABRs) were conducted. Mice were anesthetized with the anesthetic cocktail (keta-

mine 92.5mg/kg, xylazine 10 mg/kg, and acepromazine 1.85 mg/kg), and placed on a heating

pad (HP-4M; Physitemp Instruments Inc., Clifton, NJ) regulated by a temperature controller

(TCAT406 2DF; Physitemp Instruments Inc, NJ). Subcutaneous stainless-steel electrodes were

positioned at the vertex of the skull and the right pinna, with the ground electrode placed near

the base of the tail. Acoustic stimuli were generated using a PXI data acquisition system (PXI-

1031; National Instruments, Austin, TX, USA) and amplified by an SA1 speaker driver

(Tucker-Davis Technologies, Alachua, FL, USA). Sound stimuli were presented to the right

ear via an 8-inch-long plastic tube attached to a custom acoustic system (Eaton-Peabody Labo-

ratories) [42]. ABRs were evoked using 5-msec tone pips with a 30/s presentation rate and a

0.5 msec rise/fall Blackman ramp. The stimuli were delivered at sound pressure levels (SPL)

ranging from 20 to 100 dB in 5 dB step increments, at frequencies of 4, 8, 16, 24 and 32 kHz.

The responses were filtered using a 0.3–3 kHz band-pass filter, amplified by 10,000 times with

a P511 preamplifier (Grass Instruments, Astro-Med, Inc., RI, USA), and averaged over 512

responses at each dB SPL. The primary and secondary sound stimuli were calibrated using the

software options prior to every mouse recording or whenever the stainless-steel electrodes

were displaced and the calibration data were compared to reference values. The hearing

threshold was determined as the lowest sound intensity level at which a recognizable or repro-

ducible wave was observed.

4.10 Quantification of hair cell survival and cuticular plate analysis

The cochleae were immuno-stained with Myo6 and phalloidin, followed by imaging using a

63x 1.4NA oil immersion objective on an Airyscan confocal microscope (LSM880; Zeiss, Ger-

many) with a pixel size of 49 nM. Viable hair HCs labeled with Myo6 were manually counted

at each cochlear turn: apical (corresponding to the 6–8 kHz region), middle (corresponding to

the 16–24 kHz region), and basal (corresponding to the 32–42 kHz region). The survival rate

was calculated as the ratio of the number of Myo6-positive HCs to the total number of HCs,

including depleted HCs. ImageJ software [43] was utilized for the analysis.

For analyzing phalloidin reactivity in the cuticular plates of hair cells, summed Z-projec-

tions were generated to comprehensively capture the entire cuticular plate. During sample

preparation, we meticulously positioned the stereocilia to remain upright and aligned the

cuticular plane as horizontally as possible. Hair cells exhibiting stereocilia that leaned or over-

lapped with the surface of the cuticular plate were excluded from our analysis. For precise

quantification, we delineated Regions of Interest (ROIs) at the cuticular plate level adjacent to

the stereocilia in outer hair cells (OHC) and inner hair cells (IHC) as outlined in Figs 3 and 5.

The same ROIs were applied consistently across experiments. This involved utilizing circular

selections that strategically targeted the central area of each cuticular plate. The ROIs’ mean

gray value was measured using the Measure function in the ImageJ Fiji software. In order to

establish a reference for background levels, we conducted comparable measurements in areas

outside the sample. The phalloidin reactivity for each cuticular plate was calculated by sub-

tracting the background signal from the mean gray value of the cuticular plate and relative
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intensity changes were calculated by comparing the phalloidin intensity of the mutants with

that of age-matched wildtype (WT) mice.

4.11 Scanning electron microscopy

All animals used in this work were handled following the NIH and UCSD Guidelines for Ani-

mal Care as mentioned earlier. Mice were euthanized with CO2 and decapitated. Inner ears

were immediately removed with a fine scissor, transferred to a plastic Petri dish where a small

aperture in the bone at the apex region was made with a needle to allow the fixative to flow

throughout the whole sensory epithelium. A freshly prepared fixative solution containing 4%

formaldehyde (Electron microscopy sciences (EMS)), 2.5% glutaraldehyde (EMS), 100 mM

sodium cacodylate buffer (EMS), 2 mM CaCl2 was gently injected into the round window and

left for 2 h at room temperature. Then, the cochleae were washed in PBS for 20 min three

times, organs of Corti fine dissected under a stereoscope, and transferred to 20-mL glass vials

with 100 mM sodium cacodylate buffer. Samples were prepared for SEM imaging by OTOT

method where two consecutive baths of buffered 1% osmium tetroxide (EMS) and 1% tannic

acid (Sigma- Aldrich, St. Louis, MO, USA) were applied for 1 h, with 10 min washes for three

times in between. Samples were dehydrated in a graded series of ethanol 200-proof (Thermo

Fischer Scientific, USA) till absolute, critical-point dried (Leica EM CPD300; Leica, Wetzlar,

Germany), placed on carbon tape onto aluminum stubs, gold-sputtered with ~4 nm thick

(Leica EM SCD500; Leica, Germany), and observed in a FEG-SEM (Zeiss Sigma VP; Zeiss,

Germany), operated at 5 kV.

4.12 Transmission electron microscopy and rootlet distance analysis

Following sedation animals were perfused via peristaltic pump at a rate of 0.72 mL/min of of

the same fixation solution used for SEM experiment, for 10 mins through the heart. Inner ears

were then harvested from the brain cavity, both oval and round windows were perforated in

addition to a small incision near the apex of the cochlea prior to overnight incubation in a new

bath of fixative at 4˚C. Next, samples were washed in PBS (3 × 15 min), the cochleae fine dis-

sected and transferred to glass vials for post-fixation with 1% osmium tetroxide and 1.2%

potassium ferricyanide in 0.1 M sodium cacodylate buffer (reduced osmium) for 40 min RT,

washed 3 times in buffer, stained with 1% uranyl acetate for 1 h, dehydrated in graded acetone

dilutions till absolute, embedded with Epon resin and polymerized for 2 days at 60˚C. Sections

of 70-nm thickness were cut (Leica UC7 ultramicrotome) and transferred to silicon chips

(University Wafer Inc.). Cells were then imaged using a Zeiss Sigma VP operated at 3 kV, col-

lecting back-scattered electrons images with 2nm-pixel size of resolution. To analyze rootlet

distances, TEM images were transformed to greyscale images using the histogram peak value

as a divider for under / over gray values to indicate the presence of the actin meshwork of the

cuticular plate. The total distance between edges was used for calculating the rootlet distance

from the shaft to the dense actin web of the cuticular plate. At least 4 measures were collected

and averaged from each side of each rootlet.

4.13 Statistical analysis

All statistical analyses were performed using GraphPad Prism (Prism 9.2.0.; GraphPad Soft-

ware Inc., La Jolla, CA, USA). All data were presented as mean±standard deviation or standard

error of the mean (SEM). For ABR, HCs survival analysis, and rootlets distance measurement,

two-way analysis of variance (ANOVA) was used to detect significant differences, followed by

a Tukey post-hoc test. For others, MannWhitney U test was utilized. All statistical details can
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be found in figure legends. The results were considered statistically significant at P <0.05 (*),
P<0.01 (**) and P<0.001 (***).
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