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MiR-29a-deficiency causes thickening of the basilar membrane and age-related hearing loss by upregulating collagen IV and laminin
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Age-related hearing loss (ARHL) is the most common sensory degenerative disease and can significantly impact the quality of life in elderly people. A previous study using GeneChip miRNA microarray assays showed that the expression of miR-29a changes with age, however, its role in hearing loss is still unclear. In this study, we characterized the cochlear phenotype of miR-29a knockout (miR-29a–/–) mice and found that miR-29a-deficient mice had a rapid progressive elevation of the hearing threshold from 2 to 5 months of age compared with littermate controls as measured by the auditory brainstem response. Stereocilia degeneration, hair cell loss and abnormal stria vascularis (SV) were observed in miR-29a–/– mice at 4 months of age. Transcriptome sequencing results showed elevated extracellular matrix (ECM) gene expression in miR-29a–/– mice. Both Gene Ontology (GO) annotation and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis revealed that the key differences were closely related to ECM. Further examination with a transmission electron microscope showed thickening of the basilar membrane in the cochlea of miR-29a–/– mice. Five Col4a genes (Col4a1-a5) and two laminin genes (Lamb2 and Lamc1) were validated as miR-29a direct targets by dual luciferase assays and miR-29a inhibition assays with a miR-29a inhibitor. Consistent with the target gene validation results, the expression of these genes was significantly increased in the cochlea of miR-29a–/– mice, as shown by RT-PCR and Western blot. These findings suggest that miR-29a plays an important role in maintaining cochlear structure and function by regulating the expression of collagen and laminin and that the disturbance of its expression could be a cause of progressive hearing loss.
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Introduction

Age-related hearing loss (ARHL), or presbycusis, is a degenerative disease in aging mammals and is the most common sensory disorder in aging individuals (Liu and Yan, 2007; Someya and Prolla, 2010; Someya et al., 2010; Sun et al., 2022). It manifests as an age-related progressive decline in auditory function. With the aging of the population, the incidence of ARHL is increasing. ARHL is associated with communication difficulties and cognitive decline, which can lead to anxiety and depression (Kim and Chung, 2019; He et al., 2021).

The main pathological changes of ARHL are characterized by the irreversible loss of hair cells and degeneration of spiral ganglion neurons and SV in the cochlea. Many studies have shown that oxidative damage caused by excessive accumulation of reactive oxygen species (ROS) is an important intrinsic factor causing ARHL in the elderly (Tavanai and Mohammadkhani, 2017; Lyu et al., 2020; Rousset et al., 2020). Although the specific etiology of ARHL is not fully understood (He et al., 2020), it may be influenced by genetic factors and environmental factors (Peng L. et al., 2022). The ARHL phenotype can be directly mimicked by the selective knockout gene in mice. With the help of mouse mutants, the mechanism of involvement of ahl locus near the cadherin 23 gene and Tmc1 locus in Beethoven mutant in ARHL has been illustrated (Noben-Trauth et al., 2003; Noguchi et al., 2006).

In addition, gene mutation in non-coding microRNAs (miRNAs) can also cause hearing loss. Indeed, many miRNAs have been characterized to affect the inner ear development of mice (Jiang et al., 2022). miR-96 is the first microRNA discovered to be associated with progressive hearing loss in humans and mice (Mencia et al., 2009; Solda et al., 2012). Its role in hair cell development has been confirmed in a mutant mouse model with a single base change in the seed region of miR-96 (Lewis et al., 2009).

The miR-29 family is a key regulator of many biological processes (Horita et al., 2021; Peng D. W. et al., 2022), and the most widely known functions include the promotion of apoptosis and the regulation of cell differentiation (Guo et al., 2018; Han et al., 2018; Peng et al., 2018). In addition, the miR-29 family may suppress many extracellular matrix (ECM) genes, including those encoding collagen, elastin, and fibrillin (Hubmacher and Apte, 2013). This has been reported in many tissues, such as neurons, nasopharyngeal carcinoma, and aortic vessels (Boon et al., 2011; Qiu et al., 2015; Ma et al., 2020). A previous study using GeneChip miRNA microarray assays showed that the expression of miR-29a in the mouse cochlea changed with age (Zhang et al., 2013), however, nothing is known about its role in auditory function and its molecular mechanisms.

In this study, our experiments using miR-29a knockout (KO) mice revealed that miR-29a was expressed in the cochlea, and miR-29a KO mice exhibited progressive hearing loss. Transcriptome sequencing results showed elevated ECM gene expression in KO mice. Both Gene Ontology (GO) annotation and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis revealed that the key differences were closely related to ECM. Thickening of the basilar membrane was observed by transmission electron microscopy, which could be explained by increased levels of collagen types IV and laminin that were further validated as target genes of miR-29a in our experiments. These results suggest that miR-29a plays an essential role in maintaining cochlear structure and function.



Materials and methods


Animals

The miR-29a-deficient mouse strain on the C57BL/6 background was obtained from Washington University in St. Louis (Papadopoulou et al., 2011; Dooley et al., 2017). Mice were housed in a controlled environment characterized by a 12 h light/dark cycle, temperature of 22 ± 1°C, and 40–60% humidity with free access to chow and water. All mice were maintained in specific pathogen-free facilities. The animal study was reviewed and approved by the Animal Use and Care Committee of Binzhou Medical University.

Genotyping was determined by PCR of mouse tail or toe DNA. For the wild-type (WT) allele, the primer FW (5′-TTAGTCAACCACCGTTAGAA-3′) and primer RV (5′- ATTGACTGGTCAGTCATTGG-3′) were used to produce a 480 bp band. For the knockout allele, the primer FW (5′-CAGAAAGCGAAGGAGCAAAG-3′) and primer RV (RV: 5′-AATGGTTCAAACGCTCCAC-3′) were used to produce a band of 717 bp. Heterozygous mice were used for breeding to generate pups with three different genotypes. There is no difference in hearing threshold between female and male knockout mice, therefore, both female and male mice were included in all experiments.



Fluorescence in situ hybridization (FISH)

Frozen mouse cochlear sections were prepared in a routine fashion. Briefly, mouse cochlear tissue was fixed with 4% paraformaldehyde immediately after collection. The cochlea were decalcified with 10% EDTA, gradient dehydrated in 10 and 20% sucrose solutions, and then cryo-protected with 30% sucrose solution, embedded and frozen in OCT, and finally cut into 6-μm thick sections. Each slide was fixed with 4% paraformaldehyde for 10 min and washed with 0.01 M PBS three times for 5 min each. After incubation with 20 μg/ml proteinase K (10 min, 37°C) and prehybridization (1 h, 37°C), FISH was performed using a specific miR-29a probe (002112, Thermo Fisher Scientific, Shanghai, China), labeled with FAM (488) fluorochromes (excitation wavelength: 488 nm; emission wavelength: 515–555 nm). The tissue slices were also stained with 4′,6-diamidino-2-phenylindole (DAPI) (G1012, Servicebio, Wuhan, China) (excitation wavelength: 330–380 nm; emission wavelength: 420 nm).



Auditory brainstem response (ABR)

Mice were anesthetized with an intraperitoneal (IP) injection of ketamine (100 mg/kg) and xylazine (10 mg/kg) and ABR was recorded monthly in a soundproof chamber. The signals of click and tone-burst stimuli (8, 16, and 32 kHz) were presented and channeled into the mouse’s ear canals. Amplified brainstem responses were recorded by Smart EP (Intelligent Hearing Systems, USA). The active electrode of three subdermal electrode needles was inserted at the vertex, the reference electrode was inserted under the test ear, and the ground electrode was inserted under the contralateral ear as previously described (Zheng et al., 1999; Wang et al., 2017; Zhao et al., 2020). Stimulus intensities were elicited in 10 dB descending steps, which were followed by a 5 dB increasing step until no response was detected. The ABR threshold was defined as the minimum sound intensity sufficient to elicit a reproducible wave II.



Histological examination

Four-month-old miR-29a+/+ and miR-29a–/– mice were sacrificed. Paraffin-embedded mouse cochlear sections with a 5-μm thickness were prepared as described previously (Zhao et al., 2020). The tissue sections were stained with Hematoxylin and Eosin (H&E). Hair cells, stria vascularis, and spiral ganglion cells were observed under an optical microscope (Leica DMI4000 B, Germany). SGN counts were performed as previously described (Semaan et al., 2013; Fu et al., 2022). The width of SV and the area of the spiral ganglion region were measured with the aid of NIH ImageJ 1.53t software.



Immunofluorescence of cochlear hair cells

After the collected cochlea was fixed and decalcified, it was microdissected and divided into three sections: basal turn, middle turn and apical turn. Tissues were permeabilized with 0.5% Triton X-100 for 15 min at room temperature and blocked with 5% goat serum for 1 h. The samples were first stained for hair cells with rabbit anti-Myosin VIIA (anti-MYO7A, Proteus BioSciences, #25- 6790, 1:150) at 4 C overnight. After the samples were washed three times with 0.01 M PBS, goat anti-rabbit IgG (H + L) secondary antibody (Alexa Fluor 594, Life Technologies, A11012, 1:500) was used together with phalloidin (Alexa 488, Invitrogen, A12379, 1:500) for 1 h at room temperature. Samples were washed another three times, and finally stained with DAPI (Invitrogen) for cell nuclei. Images were captured by a Zeiss LSM 880 laser scanning confocal microscope (Germany) equipped with a 40 × /0.95 N.A objective lens. Hair cell loss was assessed by the absence of MYO7A immunoreactivity. In the quantitative analysis of hair cell numbers, hair cells were counted over a length of 100 μm of the cochlea in the apical, middle, and basal turns, respectively. Three mice were examined per group.



Electron microscopy

For scanning electron microscopy (SEM), the cochleas were fixed with 2.5% glutaraldehyde as previously described (Zhao et al., 2021). After they were rinsed in 0.01 M PBS, the cochleas were carefully microdissected to remove from the bone, spiral ligament, and Reissner’s membrane. Afterward, tissues were post-fixed in 1% osmium tetroxide (OsO4) for 1.5 h. Then specimens were rinsed again and dehydrated in graded ethanol of increasing concentration (30–100%). The BM was dried with CO2 at a critical point and coated with gold palladium. Finally, the specimens were viewed under a high-resolution scanning electron microscope (Hitachi S-4800, Japan).

The basement membrane samples used for transmission electron microscopy (TEM) were peeled from the cochlea. Then, they were fixed with glutaraldehyde, embedded in epoxy resin, and stained with uranyl acetate and lead citrate. TEM images were recorded by JEOL-1200E transmission electron microscope (Tokyo, Japan). For determination of the BM thickness, TEM images were analyzed using NIH ImageJ 1.53t software.



RNA-seq analysis

Total RNA was extracted from the cochlea of 2-month-old miR-29a WT and miR-29a KO mice using TRIzol reagent. RNA quality control, library preparation, and sequencing were performed by Novogene (Tianjin, China). RNA-seq was performed on the Illumina platform (Novogene, China). Paired-end clean reads were mapped to the mouse reference genome using Hisat2 (v2.0.4). Differential expression analysis of two groups was identified using the DESeq2 R package (v1.30.0). Genes with a P-value < 0.05 and fold-change > 0 were considered as differentially expressed.



Dual-luciferase reporter assay

Bioinformatics software TargetScan (release 7.1) and RegRNA (2.0) were used to predict the targeting relationship between miR-29a and ECM component genes based on the binding sites of miR-29a and the 3’-UTR of these genes (Supplementary Table 1).

The 3′-UTR of the mouse candidate target gene containing the miR-29a binding site (synthesized by Shanghai GeneChem) was inserted into psiCHECK-2 (Clontech) downstream of the luciferase gene using XhoI/NotI. The mutant 3′-UTR (deletion of the predicted binding site ACCACGA) of mouse miR-29a (synthesized by Shanghai GeneChem) was inserted into psiCHECK-2 downstream of the luciferase gene using XhoI/NotI. WT or mutant psiCHECK-2-targets with 3′-UTR binding sites and miR-29a mimic (synthesized by Shanghai GeneChem) were co-transfected into HEK 293T cells in 96-well culture dishes using Lipofectamine 2000. Forty-eight hours after transfection, firefly, and Renilla luciferase activities were measured in a GLOMAX luminometer using the Dual-Luciferase Reporter Assay System (Promega, E910). Luciferase activities were determined by Omega Software v5.50 R4.



Inhibitor assay

Inhibitors for miR-29a and negative control miRNA were designed and synthesized by GenePharma Company. The corresponding sequences are summarized: mmu-miR-29a-3p inhibitor: 5′-UAACCGAUUUCAGAUGGUGCUA-3′, negative control miRNA inhibitor: 5′-CAGUACUUUUGUGUAGUACAA-3′. In all, each group at a final concentration of 100 nmol was transfected into HEI-OC1 cells in 6-well culture dishes using a riboFECT™ CP Transfection Kit (RiboBio). Forty-eight hours after transfection, total cellular RNA was extracted.



RNA extraction and qRT-PCR

For cochlea tissue collection, the whole cochlea was carefully dissected out of the temporal bone as previously described (Fang et al., 2019; Seicol et al., 2022). Total RNA was extracted from cochlear tissues or cultured cells using cold TRIzol reagent (Ambion, Austin, TX, USA). RNA was reverse transcribed to cDNA by using the PrimeScript™ RT reagent kit (TaKaRa, Kusatsu, Japan). Real-time PCR was performed on a QuantStudio three instrument (Thermo Fisher Scientific) using SYBR Green PCR Master Mix (Roche, Basel, Switzerland). All primer sequences used in this study are shown in Supplementary Table 2. The qRT-PCR results were obtained by QuantStudio™ Design and Analysis SE Software v1.5.0. The relative expression levels of each mRNA were calculated after normalizing to β-actin. Data were expressed as 2–ΔCt values with ΔCT = Cttarget gene-Ctreferencegene.



Western blotting analysis

Mice cochlea samples were prepared as reported previously (Fuentes-Santamaria et al., 2022). Briefly, after mice were euthanized, the whole cochlea was quickly dissected from the temporal bone. Total protein extracts were obtained by lysing cochlear tissues in 100 μl of RIPA buffer (Thermo Scientific, Waltham, MA, USA), including a protease and phosphatase inhibitor cocktail (Roche, Switzerland). Protein samples were separated on an 8% SDS-PAGE gel (Beyotime, Nanton, China) and electrotransferred to a PVDF membrane (Invitrogen, Waltham, MA, USA). After the membrane was blocked, immunoblotting was performed with the following antibodies: anti-COL4A1 (1:50, Novus, NBP1-26549), anti-COL4A2 (1:250, Absin, abs140629), anti-COL4A3 (1:500, a kind gift from Dr. Jeffrey H. Miner, Washington University), anti-COL4A4 (1:500, a kind gift from Dr. Jeffrey H. Miner, Washington University), anti-COL4A5 (1:500, Abcam, ab231957), anti-LAMB2 (1:150, Santa Cruz, sc-377379), anti-LAMC1 (1:500, Cell Signaling Technology, #92921), and anti-β-actin (1:1000, Cell Signaling Technology, #4970). HRP-conjugated secondary antibodies (Abcam) followed by ECL (Meilunbio, Dalian, China, MA0186) incubation allowed protein band detection. Protein bands were visualized using an image acquisition and analysis system (Bio-Rad, Hercules, CA, USA). ImageJ 1.52a was used to quantify the Western blotting results.



Immunofluorescence staining

For immunofluorescence of cochlear tissue, 5-μm frozen sections were fixed with 2% paraformaldehyde for 20 min at room temperature. After incubation with 0.3% Triton for 30 min, the frozen sections were blocked in 5% goat serum albumin for 2 h. Then, the samples were incubated with primary antibodies at 4°C overnight (Cheng et al., 2019). The primary antibodies used in this study were COL4A1 (IF: 1:10, Novus, NBP1-26549) and LAMB2 (IF:1:40, Santa Cruz, sc-377379). Alexa 647-conjugated secondary antibodies (1:400, Absin Bioscience) and Alexa 488-conjugated secondary antibodies (1:500, Life Technologies, Carlsbad, CA, USA) were used for 1 h. Finally, tissue sections were counterstained with DAPI for 5 min. Fluorescence images were obtained using a Zeiss laser scanning confocal microscope (Zeiss, LSM880, Jena, Germany).



Statistical analysis

All data are shown as the mean ± SD. The significance of differences in ABR thresholds between groups was tested using a two-way analysis of variance (ANOVA) followed by Tukey’s multiple group matching test. For other experimental data between two groups, independent t-tests or paired t-tests were used. P < 0.05 was defined as statistically significant. All statistical analyses were performed in IBM SPSS Statistics 26.




Results


Genotyping of miR-29a KO and detection of miR-29a expression in mice

To confirm the expression of miR-29a, we genotyped all mice by polymerase chain reaction (PCR) using genomic DNA from tail clips. As shown in Supplementary Figure 1, wild-type miR-29a+/+ mice showed a single band of 480 bp, homozygous miR-29a–/– mice showed a band of 717 bp, and heterozygous miR-29a+/– mice showed both bands (717 and 480 bp).

The expression of miR-29a in the cochlea was detected by in situ hybridization. As shown in Figure 1A, miR-29 was expressed in most parts of the cochlea, including the organ of Corti, BM, stria vascularis, limbus spiralis, and spiral ganglion, whereas there was only background staining in the miR-29a KO mice.
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FIGURE 1
Expression of miR-29a in mouse cochlea and ABR in the miR-29a mouse strains. (A) Fluorescence in situ hybridization of frozen sections from mice. The cochlea labeled with a miR-29a probe for miR-29a (green) and DAPI for nuclei (blue) are shown in the images. miR-29a+/+ mice are shown in the upper panels, and miR-29a–/– mice are shown in the lower panels. Scale bar = 50 μm. Images are representative of n = 3 biological replicates per group. (B) Comparison of the representative ABR waveform of 4-month-old miR-29a+/+, miR-29a+/–, and miR-29a–/– mice were elicited by click. The changes in the mean ABR thresholds of miR-29a–/– mice at 1, 2, 3, 4, and 5 months of age indicate that miR-29a–/– mice have more severe hearing loss than miR-29a+/+ mice at all stimuli: click (C), 8 kHz (D), 16 kHz (E), and 32 kHz (F). Numbers of miR-29a+/+ mice tested in 1 (n = 9), 2 (n = 13), 3 (n = 22), 4 (n = 29), and 5 (n = 14) months old mice. Numbers of miR-29a+/– mice tested in 1 (n = 13), 2 (n = 8), 3 (n = 12), 4 (n = 9), and 5 (n = 5) months old mice. Numbers of miR-29a–/– mice tested in 1 (n = 6), 2 (n = 20), 3 (n = 17), 4 (n = 20), and 5 (n = 4) months old mice. All data are shown as the mean ± SD, two-way ANOVA followed by Tukey’s multiple comparisons test. Asterisks indicate significant of Tukey’s multiple comparisons tests (**P < 0.01, ***P < 0.001, and ****P < 0.0001).




MiR-29a-deficiency causes progressive hearing loss

To determine the hearing function of miR-29a mutant strains, we measured their ABRs. We assessed ABR thresholds with click and tone bursts (8, 16, and 32 kHz) in miR-29a mutant strains aged 1 to 5 months (Figures 1B–F).

We compared the mean ABR threshold of miR-29a–/– mice, wild-type miR-29a+/+ mice and heterozygous miR-29a+/– mice from 1 to 5 months of age for click, 8, 16, and 32 kHz. A two-way ANOVA was used to assess the effect of age and genotype on the ABR threshold for each frequency. For click, the main effect of age was also significant [F(4, 53) = 45.235, P < 0.0001], and the main effect of genotype was significant [F(2, 55) = 145.536, P < 0.0001]. For 8 kHz, there were significant effects of age and genotype on the ABR threshold [F(4, 53) = 37.039, P < 0.0001; F(2, 55) = 100.828, P < 0.0001]. For 16 kHz, there were significant effects of age and genotype on the ABR threshold [F(4, 53) = 39.993, P < 0.0001; F(2, 55) = 69.268, P < 0.0001]. For 32 kHz, there were significant effects of age and genotype on the ABR threshold [F(4, 53) = 36.600, P < 0.0001; F(2, 55) = 68.782, P < 0.0001]. Tukey’s multiple comparison test results showed significant differences were observed between miR-29a+/+ mice and miR-29a–/– mice for each stimulus from 2 to 5 months of age (P < 0.001), whereas the mean threshold from 1 to 5 months of age in the heterozygous miR-29a+/– mice was not significantly different from that in wild-type miR-29a+/+ mice for click, 8, 16, and 32 kHz (all P > 0.05), as shown in Figures 1C–F. These results suggest that miR-29a-deficiency results in progressive, age-dependent hearing loss.



Cochlear pathology of miR-29a–/– mice

We compared the histological morphology of the organs of Corti in the miR-29a+/+ and miR-29a–/– mice at 4 months of age. Hair cell loss was evident in the miR-29a–/– mice compared with the miR-29a+/+ mice (Figure 2A). The width of stria vascularis in the miR-29a–/– mice was thinner than that in the miR-29a+/+ mice (Figure 2B), and the difference was significant [independent t-test, t(4) = −5.096, P = 0.007]. We also examined the loss of spiral ganglion neurons (SGNs) by measuring cell density (Figure 2C). The SGN density of the cochlear basal turns of the miR-29a–/– mice was significantly lower than that of the miR-29a+/+ mice at 4 months of age [independent t-test, t(4) = 5.543, P = 0.005]. The abnormalities in these specific regions detected in the miR-29a–/– mice are consistent with the finding that these mice exhibited severe hearing loss at 4 months of age.
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FIGURE 2
Morphological features in the cochlea of miR-29a+/+ and miR-29a–/– mice at 4 months. (A) Loss of hair cells, spiral ganglion neurons (SGNs), and the thickness of stria vascularis (SV) in the basal turns of cochlea were observed by H&E staining. Scale bar = 50 μm. (a) Magnification of hair cells in the cochlea of miR-29a+/+ and miR-29a–/– mice. Scale bar = 50 μm. (b) Magnification of SV in the cochlea of miR-29a+/+ and miR-29a–/– mice. Scale bar = 50 μm. (c) Magnification of SGNs, in the cochlea of miR-29a+/+ and miR-29a–/– mice. Scale bar = 50 μm. (B) The width of SV. The mean width of SV in the basal cochlear regions of miR-29a–/– mice was generally thinner than that of miR-29a+/+ mice at 4 months old [t(4) = –5.096, P = 0.007]. (C) SGNs survival (i.e., SGNs density). The mean SGN density of the basal cochlear regions of miR-29a–/– mice was significantly lower than that of miR-29a+/+ mice at 4 months [t(4) = –5.543, P = 0.005]. IHC, inner hair cell; OHC, outer hair cell; SV, stria vascularis; SGNs, spiral ganglion neurons. All data are shown as the mean ± SD, n = 3 biological replicates per group, the independent t-test was used to compare data between two groups (**P < 0.01).


To further investigate the hair cell pathology caused by the mutations, we observed hair cells in P5 and 4-month-old miR-29a+/+ and miR-29a–/– mice using surface preparation of cochlear epithelia. Hair cells were visualized by staining with MYO7A, phalloidin, and DAPI, and we evaluated hair cell survival based on MYO7A immunoreactivity. Confocal images showed that hair cells were intact in all turns of 5-day-old WT and KO mice (Supplementary Figure 2). At 4 months of age, hair cells of miR-29a+/+ mice were intact in all regions (Figure 3A), however, significant loss of OHCs was observed in the basal and apical turns of miR-29a–/– mice (Figure 3B), and significant loss of IHCs was observed in the basal turns (Figure 3C).
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FIGURE 3
Hair cell loss in miR-29a–/– mice shown by confocal images. (A) miR-29a+/+ and miR-29a–/– mice display hair cell generation from the basal, middle, and apical regions of the cochlea at 4 months. Cochlear whole mounts labeled with phalloidin for filamentous actin (green), MYO7A for hair cells (red), and DAPI for nuclei (blue) are shown in confocal images. Scale bar = 20 μm. (B) Quantification of the total outer hair cell (OHCs) and inner hair cells (IHCs) (C) per 100 μm cochlear length at 4 months of age in miR-29a–/– and miR-29a+/+ mice [OHC: Apical, t(4) = –9.526, P < 0.001; Middle, t(4) = –0.354, P = 0.742; Basal, t(4) = –20.247, P < 0.0001. IHC: Apical, t(4) = 1.732, P = 0.158; Middle, t(4) = 1.000, P = 0.374; Basal, t(4) = –9.899, P < 0.001]. Data are shown as the mean ± SD, n = 3 biological replicates, ***P < 0.001 and ****P < 0.0001 between two groups.


We also assessed the structural integrity of cochlear stereocilia by SEM. The control miR-29a+/+ mice showed the normal morphology of stereociliary bundles at 4 months of age, which were neatly arranged on the top of hair cells, and no hair cells were lost. In contrast, the miR-29a–/– mice displayed stereocilia fusion, degeneration and loss of hair cells in the basal and apical regions, except in the middle regions where hair cells remained intact (Figures 4C, D). As shown in Figures 4A, E, the stereocilia of the surviving OHCs lost their characteristic W-shaped and well-organized staircase pattern. Stereocilia fusion and degeneration were evident in many hair cells of miR-29a–/– mice (Figures 4B, F). These results suggest that homozygous deletion of miR-29a resulted in stereocilia fusion and missing hair cells.
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FIGURE 4
Representative images of the stereocilia of cochlear hair cells in miR-29a+/+ and miR-29a–/– mice shown by SEM. (A–F) miR-29a+/+ mice are on the left panels, and miR-29a–/– mice are on the right panels. (A) Global view of the apical region of the cochlea showing the presence of IHCs and OHCs in mice at 4 months of age. Scale bar = 10 μm. (B) Magnification images of OHCs and IHCs stereocilia in the cochlear apical region of miR-29a+/+ and miR-29a–/– mice. Scale bar = 2 μm. (C) Global view of the middle region of the cochlea showing the presence of IHCs and OHCs in mice at 4 months of age. Scale bar = 10 μm. (D) Magnification images of OHC and IHC stereocilia in the cochlear middle region of mice. Scale bar = 2 μm. (E) Global view of the basal region of the cochlea showing the presence of IHCs and OHCs in mice at 4 months of age. Scale bar = 10 μm. (F) Magnification images of OHC and IHC stereocilia in the cochlear basal region of mice. Scale bar = 2 μm. These images are representative images of five independent animals.




MiR-29a regulates the expression of major ECM component genes

To gain insight into what might explain the phenotype of miR-29a-deficiency in hearing loss, we performed RNA-seq on the cochlea of miR-29a KO and miR-29a WT mice. Compared with the WT group, the difference in mRNAs expression in KO group was statistically significant. There were a total of 2,103 differentially expressed mRNAs, of which 1,331 mRNAs were up-regulated and 772 mRNAs were down-regulated (Figures 5A, B). With P < 0.05 as the screening threshold, gene ontology (GO) enrichment analysis showed that differentially expressed mRNAs were highly correlated with terms related to ECM in both cell component and molecular function (Figure 5C). As shown in Figure 5D, with adjusted P-values < 0.05 as the screening threshold, the key signaling pathways enriched by Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis also contain ECM-related pathways.
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FIGURE 5
Transcriptome sequencing results of cochlea in miR-29a+/+ and miR-29a–/– mice. (A) Volcano plot of differentially expressed genes (miR-29a KO vs. WT). The X-axis is the log2Fold change value, and the Y-axis is the P-value. Genes with a P-value < 0.05 and | log2fold change| > 0 were considered as differentially expressed (n = 3 per group). (B) The clustering heat map of the differentially expressed mRNAs. (C) GO enrichment analysis of the differentially expressed genes. The X-axis is the P-value and the Y-axis is the GO term. (D) KEGG enrichment analysis was performed between miR-29a KO vs. WT. The top 20 significant pathways with adjusted P-values < 0.05 are shown.


We searched the target gene prediction website1 for predicted target genes of miR-29a and found that the major ECM component genes Col4a1, Col4a2, Col4a3, Col4a4, Col4a5, Lamb2, and Lamc1 are all target gene candidates. To verify whether the expression of these seven targets was directly regulated by miR-29a, we used dual-luciferase reporter assays based on luciferase constructs harboring WT or mutated (MT) miR-29a miRNA response element (MRE) sequences in the 3′-UTR. HEK293T cells were transfected with Col4a1-3′-UTR-WT and Col4a1-3′-UTR-MT after control or mmu-miR-29a mimic treatment. The statistical analysis indicated that the luciferase activity decreased in the Col4a1-3′-UTR-WT + miR-29a mimic group compared with the control Col4a1-3′-UTR-WT group [paired t-test, t(3) = −8.312, P = 0.004], while the luciferase activity exhibited no significant difference between the control Col4a1-3′-UTR-MT and Col4a1-3′-UTR-MT + miR-29a mimic groups [paired t-test, t(3) = 0.875, P = 0.446] (Figure 6A). All six other target genes were also verified in the same way, and the significant differences were consistent with the Col4a1 results. Overexpression of mmu-miR-29a significantly inhibited the expression of the reporter gene containing the WT 3′-UTR of the target gene [paired t-test, UTR-mCol4a2 WT, t(3) = −4.239, P = 0.024; UTR-mCol4a3 WT, t(3) = −20.931, P < 0.001; UTR-mCol4a4 WT, t(3) = −17.998, P < 0.001; UTR-mCol4a5 WT, t(3) = −13.117, P < 0.001; UTR-mLamb2 WT, t(3) = −17.079, P < 0.001; UTR-mLamc1 WT, t(3) = −6.581, P = 0.007], whereas it had no significant effect on the reporter gene containing mutated mmu-miR-29a binding sites [paired t-test, UTR-mCol4a2 MT, t(3) = 1.804, P = 0.169; UTR-mCol4a3 MT, t(3) = −0.666, P = 0.553; UTR-mCol4a4 MT, t(3) = 1.933, P = 0.149; UTR-mCol4a5 MT, t(3) = −0.714, P = 0.527; UTR-mLamb2 MT, t(3) = −1.785, P = 0.172; UTR-mLamc1 MT, t(3) = 3.735, P = 0.033], as shown in Figures 6B–G.
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FIGURE 6
MiR-29a regulation of target gene expression in cell lines. (A–G) The Renilla/firefly luciferase activity measured in HEK293T cells of the wild-type (WT) psiCHECK2-Col4a1:3′-UTR binding sitemouse and mutant psiCHECK2-Col4a1:3′-UTR binding sitemouse cotransfected without (control) or with mmu-miR-29a mimics (A). (B) WT or mutant psiCHECK2-Col4a2:3′-UTR binding sitemouse and without or with mmu-miR-29a mimics. (C) WT or mutant psiCHECK2-Col4a3:3′-UTR binding sitemouse and without or with mmu-miR-29a mimics. (D) WT or mutant psiCHECK2-Col4a4:3′-UTR binding sitemouse and without or with mmu-miR-29a mimics. (E) WT or mutant psiCHECK2-Col4a5:3′-UTR binding sitemouse and without or with mmu-miR-29a mimics. (F) WT or mutant psiCHECK2-Lamb2:3′-UTR binding sitemouse and without or with mmu-miR-29a mimics. (G) WT or mutant psiCHECK2-Lamc1:3′-UTR binding sitemouse and without or with mmu-miR-29a mimics. (H) Relative mRNA expression levels in HEI-OC1 cells transfected with mmu-miR-29a inhibitors. All data are shown as the mean ± SD, n = 4 biological replicates, statistical analysis was performed by paired t-test (A–G) and independent t-test (H), where P < 0.05 was considered significant (*P < 0.05, **P < 0.01, and ***P < 0.001).


To further verify the results, we used qRT-PCR to measure the mRNA expression levels of these target genes after the transfection of miR-29a inhibitors into HEI-OC1 cells. Compared with those of the control group, the mRNA expression levels of these seven targets in HEI-OC1 cells were significantly increased after miR-29a inhibitor treatment [Figure 6H, independent t-test, Col4a1, t(4) = 2.834, P = 0.047; Col4a2, t(4) = 3.633, P = 0.022; Col4a3, t(4) = 3.632, P = 0.028; Col4a4, t(4) = 5.000, P = 0.007; Col4a5, t(4) = 14.989, P < 0.001; Lamb2, t(4) = 10.909, P < 0.001; Lamc1, t(4) = 6.227, P = 0.003, all P < 0.05]. These results suggest that the expression of these seven genes is directly regulated by miR-29a.



Increased ECM gene expression in the cochlea of miR-29a knockout mice

To examine the expression of the above validated target genes in the miR-29a KO mice, we performed Western blot, qRT-PCR and immunofluorescence analyses in the miR-29a+/+ and miR-29a–/– mice. Western blot analysis showed that the protein expression levels of COL4A1 (Figure 7A), COL4A2 (Figure 7B), COL4A3 (Figure 7C), COL4A4 (Figure 7D), COL4A5 (Figure 7E), LAMB2 (Figure 7F), and LAMC1 (Figure 7G) were significantly increased in the miR-29a–/– mice compared with the miR-29a+/+ mice.


[image: image]

FIGURE 7
MiR-29a regulation of target gene expression in cochlea from miR-29a+/+ and miR-29a–/– mice. (A–G) With β-actin as a control, COL4A1, COL4A2, COL4A3, COL4A4, COL4A5, LAMB2, and LAMC1 protein levels in cochlea were analyzed by Western blot. The independent t-test was used to compare data between two groups [COL4A1, t(4) = 9.920, P < 0.001; COL4A2, t(4) = 3.847, P = 0.018; COL4A3, t(4) = 3.389, P = 0.028; COL4A4, t(4) = 2.842, P = 0.047; COL4A5, t(4) = 3.782, P = 0.019; LAMB2, t(4) = 3.915, P = 0.017; LAMC1, t(4) = 3.088, P = 0.037]. (H) The mRNA expression levels of target genes as measured by qRT-PCR [independent t-test, Col4a1, t(4) = 6.050, P = 0.004; Col4a2, t(4) = 13.145, P < 0.001; Col4a3, t(4) = 3.735, P = 0.02; Col4a4, t(4) = 7.238, P = 0.002; Col4a5, t(4) = 13.141, P < 0.001; Lamb2, t(4) = 8.529, P = 0.001; Lamc1, t(4) = 3.126, P = 0.035]. All data are shown as the mean ± SD, n = 3 biological replicates, *P < 0.05, **P < 0.01, and ***P < 0.001 between two groups.


Moreover, in our study, the mRNA expression levels of Col4a1, Col4a2, Col4a3, Col4a4, Col4a5, Lamb2, and Lamc1 were much higher in cochlea from the miR-29a–/– mice than in those from the control littermates (Figure 7H).

We selected Col4a1 and Lamb2 as representative genes to record immunoreactivity from cochlear frozen sections. Immunofluorescence staining of frozen sections revealed intense COL4A1 and LAMB2 staining on the BM (Figure 8A). The mean fluorescence intensities of COL4A1 (Figure 8B) and LAMB2 (Figure 8C) in the miR-29a–/– mice were both significantly higher than those in the miR-29a+/+ mice. These results demonstrated that loss of miR-29a significantly enhances the expression of these target genes on the BM. Collagen and laminin are major ECM components that collectively form the BM (Subramanian et al., 2018). This finding prompted us to speculate that homozygous deletion of miR-29a might lead to changes in the cochlear BM.
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FIGURE 8
Specific expression of COL4A1 and LAMB2 in the basilar membrane (BM) area. (A) Double immunostaining for COL4A1 (red) and LAMB2 (green) in cochlear frozen sections from miR-29a+/+ and miR-29a–/– mice at 4 months. Nuclei were visualized by DAPI (blue). Scale bar = 100 μm for global images, scale bar = 50 μm for higher magnification. (B,C) Quantification of COLA1 and LAMB2 immunofluorescence in the BM area [independent t-test, COL4A1, t(4) = 5.867, P = 0.004; Lamb2, t(4) = 4.143, P = 0.014]. Data are shown as the mean ± SD, n = 3 biological replicates, *P < 0.05 and **P < 0.01 between two groups.




MiR-29a deficiency leads to thickening of the BM

To investigate whether there are changes in the structure of the BM, we examined the ultrastructure of cochlea from the miR-29a+/+ and miR-29a–/– mice by TEM. TEM showed pronounced thickening of the BM in the basal turn from the miR-29a–/– cochlea (Figures 9A, B). In addition, there were more collagen fibers in the BM beneath the outer pillar cells (Figure 9C) and Deiters’ cells (Figure 9D). In summary, mice with miR-29a deficiency showed alterations in thickness in the cochlear BM.
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FIGURE 9
The thickness of the BM in the basal turn portrayed with TEM. (A) Radial section of the BM in the basal turn (high-frequency region) of cochlea from miR-29a+/+ and miR-29a–/– mice at 4 months. Scale bar = 20 μm. (B) Quantification of BM thickness [n = 3 independent animals and 10 images per group, independent t-test, t(64) = 3.715, P = 0.0004, and ***P < 0.001]. (C,D) Framed area in panel (A) is shown at higher magnification. miR-29a+/+ mice are shown in the left panels, and miR-29a–/– mice are shown in the right panels. (C) BM thickness beneath outer pillar cells. Scale bar = 2 μm. (D) BM thickness beneath Deiters cells. Scale bar = 2 μm. BM, basilar membrane; OHC, outer hair cell; OPC, outer pillar cell; DC, Deiters’ cell.





Discussion

Hundreds of miRNAs were reported to be specifically expressed in the inner ear and can affect auditory function (Weston et al., 2006; Friedman et al., 2009; Elkan-Miller et al., 2011; Rudnicki and Avraham, 2012; Ushakov et al., 2013). However, the role of miR-29a in the cochlea is unknown and needs to be further studied and clarified. In this study, our data showed that miR-29a was expressed in the organ of Corti in the cochlea, and homozygous deletion of miR-29a in C57BL/6 mice caused progressive hearing loss and thickening of the cochlear BM.

Auditory brainstem response tests show that hearing loss in the miR-29a KO mice started with high frequencies and progressed to the middle and lower frequencies with age. This finding is consistent with the characteristics of ARHL (Bainbridge et al., 2011). ARHL occurs in most mammalian species and is closely associated with degenerative changes in auditory sensory cells, especially OHCs (Fu et al., 2021). Since ARHL is characterized by pronounced high-frequency hearing loss, it is generally accepted that the loss of sensory cells in the basal turn is the major cochlear pathology of aging (Keithley, 2020). However, Bredberg (1968) performed a detailed analysis of OHCs in 125 cochleae from 78 individuals, and his experiments documented OHC degeneration in both the basal turn and the apical turn of the cochlea. Another quantitative study of cochlear sensory cell loss in elderly individuals also confirmed that the degeneration of auditory sensory cells in humans, especially OHCs, begins in the basal turn and the apical turn (Wu et al., 2019). Consistent with these studies, we observed hair cells under a confocal laser scanning microscope and stereocilia bundles using a scanning electron microscope. We found that miR-29a-deficient mice showed more severe loss of OHCs and degeneration of stereocilia bundles in the basal and apical turns of the cochlea. Therefore, miR-29a–/– mice may serve as a potential animal model for the study of ARHL.

The mammalian inner ear is rich in basement membranes (White et al., 2022). There is a continuous layer of basement membrane in the cochlea that begins at the limbus, passes through the BM, and extends up to the spiral prominence (Cosgrove et al., 1998). Changes in basement membranes are thought to mediate the pathology of hearing impairment, including Alport syndrome and ARHL (Calzada et al., 2012; Meehan et al., 2016). Alport syndrome is an inherited disorder characterized by progressive glomerulonephritis with high-frequency hearing loss (Gratton et al., 2005). The pathogenesis of the inner ear in Alport syndrome was reported to be associated with thickening of the basement membrane (Cosgrove et al., 1998). Significant thickening of the basement membrane was observed in the inner ear of gerbils with an age-dependent decline in auditory function (Sakaguchi et al., 1997). Here, we found that the BM in the basal turns of the cochlea was significantly thickened in homozygous deletion miR-29a mice under TEM. Our data further indicate that thickening of the BM is closely related to hearing loss.

In addition to its well-recognized role as a structural support, the ECM is important for the homeostasis of adjacent cells in the body and is involved in many important functions (Birch, 2018). Basement membranes are highly specialized ECMs (Miner, 1999; Kruegel and Miosge, 2010; Mao et al., 2015; Wilson et al., 2020). Collagen IV and laminins are the core components of all basement membranes, including the BM (Cosgrove et al., 1996; Mak and Mei, 2017; Pozzi et al., 2017; Motta et al., 2019), and they are responsible for the strength and integrity of the basement membrane (Parkin et al., 2011). In this study, we validated several genes encoding collagen IV and laminins as direct targets of miR-29a-3p, including Col4a1, Col4a2, Col4a3, Col4a4, Col4a5, Lamb2, and Lamc1, by dual-luciferase reporter assays and qPCR. More importantly, the expression levels of these seven targets were significantly increased in the miR-29a–/– cochlea. Our in situ hybridization experiment showed that miR-29a was expressed in most parts of the cochlea, and the abnormalities we observed in the miR-29a–/– mice, including loss of hair cells, thinning stria vascularis and loss of SGNs, were likely due to the upregulation of these target genes. These results suggest that miR-29a plays an important role in maintaining the structural integrity of BM by regulating the synthesis of its core components collagen IV and laminins.

In summary, miR-29a-deficiency causes progressive hearing loss, which can be explained by the upregulated collagen IV and laminin leading to thickening of the BM, ultimately resulting in the loss of sensory hair cells. However, the exact molecular mechanisms by which thickening BMs lead to the loss of OHCs need further study. Overall, this study revealed a previously undescribed function and an important regulatory role for miR-29a in hearing loss. Our experiments also offer good evidence to suggest that miR-29a might be developed into a candidate therapeutic target for ARHL caused by BM changes.
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