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SUMMARY: SLC26A44 is a major causative gene for hereditary hearing loss, its mutation spectrum shows pronounced
population specificity. In Chinese populations, patients predominantly carry biallelic mutations, and compound
heterozygous genotypes are prevalent, which results in a wide spectrum of auditory phenotypes. However, how
different alleles interact within these contexts to shape phenotypic variability remains poorly understood. We employed
cellular and mouse models to explore the allele-specific mechanisms associated with two novel mutations, a frameshift
mutation and a missense mutation, in compound heterozygous that share the same splice-site pathogenic allele. /n
vitro, wild-type (WT) and mutant (c.574delC, ¢.1211C>A) SLC26A4 constructs were expressed in HeLa cells to assess
pendrin localization. Both mutations reduced membrane enrichment and increased intracellular retention. /n vivo,
compound heterozygous knock-in mouse models (Slc26a4°°7**““*"*?AS and Slc26a4°""“V"1"?4%) were generated
using CRISPR/Cas9. The auditory function and cochlear pathology were investigated. Both compound mutants
exhibited elevated ABR thresholds, with more severe hearing loss in Sle26a4°>"**“**"**** mjce. Correspondingly,
these mice showed marked hair cell disruption, stereociliary loss, and cochlear structural abnormalities, whereas the
Sle26a4="2""<Me246 mice displayed milder changes. Transcriptomic profiling examined by bulk RNA-sequencing
revealed broader differential expression in Slc26a4°”*'“**"****C mice, enriched in structural and developmental
pathways, while the missense model showed predominantly immune-related signatures. Our findings demonstrate
that allele-specific functional divergence in compound heterozygous SLC2644 mutations leads to distinct auditory
dysfunction, cochlear pathology, and transcriptional programs. These findings provide mechanistic insight into the
phenotypic heterogeneity of hearing loss and may indicate future allele-specific interventions or therapeutic strategies.
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1. Introduction

Hearing loss is among the most prevalent sensory
disorders worldwide, and a substantial proportion
is attributable to genetic causes (/). SLC2644 gene
mutations are among the major causes of autosomal
recessive hearing loss and include DFNB4 and Pendred
syndrome (2,3). Affected individuals display a broad
spectrum of auditory phenotypes that range from
congenital to fluctuating or progressive hearing loss
of different severities, and these phenotypes are often
accompanied by inner ear malformations such as
enlarged vestibular aqueducts (EVAs) (4-7).

SLC26A44 encodes pendrin, a member of the solute
carrier 26 (SLC26) family of anion exchangers, which is

expressed in epithelial cells of the inner ear, thyroid, and
kidneys (2,4). Pendrin plays a critical role in ion transport
(I', CI', and HCO;) and endolymph homeostasis (8,9).
Previous studies have reported that pendrin deficiency or
loss of function leads to abnormal cochlear development,
altered ionic balance, and sensory hair cell degeneration
(9-11).

Clinically, a wide spectrum of SLC26A44 mutations,
such as frameshift, missense, and splice-site mutations,
have been associated with various disease severities and
clinical phenotypes (/2-14). Among these mutations, the
splice-site mutation ¢.919—2A>G is the most common
mutation in Chinese populations, and associated hearing
loss most commonly arises from biallelic compound
heterozygous mutations. Affected individuals exhibit a
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broad spectrum of auditory phenotypes (3,73), which
suggests that disease expression may be influenced by
the specific allelic composition.

In prior clinical investigations, we identified two
previously uncharacterized SLC26A44 mutations,
¢.574delC and c.1211C>A, in two unrelated probands.
In both cases, these mutations were present in compound
heterozygosity with the shared splice-site mutation
¢.919-2A>G (15,16). Despite sharing an identical splice-
site allele, the two probands were diagnosed as producing
different degrees of hearing impairment—one proband
produced profound hearing loss and the other proband
produced severe hearing loss. Computed tomography
(CT) imaging revealed bilateral EVAs in both individuals.
These observations suggest that SLC26A44-associated
hearing loss is not solely determined by the presence of
a pathogenic splice-site mutation but may be modulated
by the nature of the second allele within compound
heterozygous configurations. Importantly, how distinct
classes of mutations—such as frameshift versus missense
mutations—differentially affect pendrin function and
contribute to phenotypic variability when paired with the
same splice site mutation remains unknown.

To date, multiple Slc26a4 knock-in (KI) mouse
models carrying missense mutations (including p.L236P,
p.C565Y, p.H723R, and p.T721M) and splice-site
mutations (such as ¢.919-2A>G) have been generated
in either homozygous or compound heterozygous
states (17-20). Different Slc26a4 mutations give rise
to highly variable phenotypes in mouse models. For
example, homozygous p.L236P mice exhibit hearing
loss that ranges from mild to profound, whereas other
reported mutations appear nonpathogenic and therefore
make it more difficult to recapitulate human disease.
While these models highlight the phenotypic diversity
associated with Slc26a4 mutations, they do not allow for
direct, controlled comparisons of how distinct classes
of mutations—such as frameshift versus missense
mutations—differentially affect pendrin expression,
cochlear development, or auditory function within a
clinically relevant compound heterozygous context. To
address this gap, we generated mutation-specific cellular
models and corresponding compound heterozygous
KI mouse models with the same severe and profound
hearing loss phenotypes observed in human patients.
Through this integrated approach, we aimed to evaluate
the functional consequences of distinct SLC2644
alleles and identify mutation-dependent mechanisms
underlying phenotypic variability in SLC26A44-related
hearing loss.

2. Materials and Methods
2.1. Plasmid construction

Three types of plasmids were generated: a wild-type
SLC26A4 construct and two mutant constructs (c.574delC

and c.1211C>A). The full-length human SLC26A44
cDNA (NM_000441.2) and its mutant sequences were
subcloned and inserted into the pcDNA3.1(+)-3xFlag
vector using the BamHI and Nhel restriction sites,
respectively. Each construct was verified by double
digestion and confirmed with Sanger sequencing to
ensure sequence integrity and the presence of the
intended mutations.

2.2. Cell culture and transfection

HeLa cells were cultured in Dulbecco's modified Eagle's
medium (DMEM) (Gibco) supplemented with 10%
fetal bovine serum (FBS) (Gibco) under 5% CO: at
37°C. Cells were transfected with 0.5 pg plasmid DNA
per flask using JetPRIME® (Polyplus). After 4 h, the
transfection mixture was replaced with complete DMEM
supplemented with 10% FBS, and cells were further
incubated for 48 h prior to analysis.

2.3. Immunofluorescence analysis in transfected cells

Transfected HeLa cells were fixed with 4%
paraformaldehyde (PFA) for 15 min at room temperature,
permeabilized with 0.1% Triton X-100 for 10 min, and
blocked for 1 h with 5% bovine serum albumin (BSA)
in PBS. Pendrin was detected using a rabbit anti-Flag
primary antibody (1:100; Abcam; Cat# ab205606) and
an Alexa Fluor 488-conjugated goat anti-rabbit IgG
secondary antibody (1:200; ZSGB-Bio; Cat# ZF-0511).
F-actin was labeled with Alexa Fluor 594—conjugated
phalloidin (1:500; Beyotime, Cat# C2205S), and the
nuclei were counterstained with DAPI (Beyotime, Cat#
C1002). Fluorescence images were obtained using a
Nikon Ti2 inverted microscope (Nikon Instruments).

2.4. Generation of Slc26a4 -mutant KI mice

Ethical approval for all animal experimental
procedures was provided by the Animal Experiments
and Experimental Animal Welfare Committee of
Capital Medical University (No. AEEI-2020-053).
The mice were generated in a C57BL/6J background
(MGI:3028467). The Slc26a4 mouse gene sequence
was obtained from the Ensembl database, ID (Mouse):
ENSMUSG00000020651. Slc26a4 c.574delC,
c.1211C>A, and ¢.919-2A>G KI mice were generated
using CRISPR/Cas9 nickase-mediated homology-
directed repair. KI mouse models carried a ¢.574delC
frameshift mutation (ACACTCACT — ACATCACT),
a ¢.1211C>A missense mutation (ACC — AAC), and
a splice-site mutation ¢.919-2A>G (TTATTTCAG —
TTATTTCGG). For each mutation, single guide RNAs
(sgRNAs) flanking the target site were designed and
evaluated for cleavage efficiency, and the most efficient
sgRNAs were selected. Cas9 nickase, sgRNAs, and the
corresponding single-stranded oligodeoxynucleotide
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donor were microinjected into fertilized zygotes, which
were subsequently transferred into pseudopregnant
females. Founder (FO) mice were identified, and KI was
confirmed by PCR and Sanger sequencing following
embryo transfer. Sequence-validated FO mice were
crossed with wild-type mice to obtain F1 offspring, and
germline transmission was verified.

To generate compound heterozygous mouse models,
mice carrying individual Slc26a4 mutations (c.574delC,
c.1211C>A, or ¢.919-2A>G) were bred according to the
experimental design. Homozygous mutant mice for each
mutation were obtained by intercrossing heterozygous F1
mice and verified by PCR and Sanger sequencing. Then,
¢.574delC homozygous mice were crossed with ¢.919-
2A>G homozygous mice, and c.1211C>A homozygous
mice were crossed with ¢.919-2A>G homozygous mice
to generate ¢.574delC/c.919-2A>G and c.1211C>A/
¢.919-2A>G compound heterozygous mice, respectively.
Genotypes were confirmed by PCR amplification and
Sanger sequencing of both mutant loci, and verified
compound heterozygous mice were used for subsequent
experiments.

2.5. Auditory brainstem response (ABR)

ABR tests were performed in WT (n = 10), heterozygous
¢.574delC/c.919-2A>G (n = 10), and c.1211C>A/
c.919-2A>G (n = 10) mice every week between the
ages of 3 and 12 weeks using an RZ6 acoustic system
(Tucker-Davis Technologies). ABR testing was initiated
at 3 weeks of age after the postnatal maturation of
auditory sensitivity in C57BL/6J mice (21,22). Weekly
measurements from 3—12 weeks were performed to
longitudinally capture early-onset and progressive
hearing changes before the emergence of strain-related
age-dependent hearing loss (23,24). The mice were
anesthetized via intraperitoneal injection of ketamine
(100mg/kg) and xylazine (10 mg/kg). The anesthetized
mice were moved into a soundproof chamber, an active
electrode was connected subdermally to the forehead,
a reference electrode was connected below the pinna of
one ear, and a ground electrode was connected below the
contralateral ear. The ABR thresholds for click and tone-
burst stimuli at frequencies of 8, 16, 24, and 32 kHz were
measured, with stimulus intensities starting at 90 dB SPL
and decreasing in 10 dB increments. Thresholds were
determined by the lowest stimulus intensity at which a
repeatable wave II should be recorded.

2.6. Cochlear immunofluorescence

Cochleae from 8-week-old mice were harvested for
cryosection immunofluorescence analysis of SLC2644
localization, fixed in 4% paraformaldehyde for 24 h at
4°C, and then decalcified in 10% EDTA for 48 h. After
being rinsed, the cochleae were cryoprotected in 15%
and 30% sucrose solutions for 1.5 h each, embedded

in optimal cutting temperature compound (Sakura) at
4°C overnight, preserved at -20°C, and subsequently
cryosectioned at a thickness of 10 um. The sections
were blocked in 10% FBS with 1% Triton X-100 for 3 h
and incubated with primary antibodies (anti-SLC26A44,
PAS5-115911) overnight at 4°C. After washing with
PBS, the sections were incubated with an Alexa Fluor
594-conjugated secondary antibody for 1 h, followed by
staining with DAPI for 20 min at room temperature.

For whole-mount cochlear preparations, cochleae
from 4-week-old mice, a stage at which cochlear hair
cell morphology is fully established, were fixed in
4% paraformaldehyde for 24 h at 4°C, after which the
sensory epithelium (organ of Corti) was dissected. The
samples were blocked in QuickBlock™ buffer containing
Triton X-100 (Beyotime) for 1 h, followed by incubation
with a rabbit anti-myosin VIla antibody (1:200, Proteus
Biosciences, Cat# 25-6790) at 4°C overnight. After
washing with PBS, tissues were incubated with Alexa
Fluor 568-conjugated goat anti-rabbit IgG secondary
antibody (1:1000; Abcam, Cat#ab175471) for 1 h in the
dark and counterstained with DAPI. Fluorescence images
were obtained using an Olympus FV1000 confocal
microscope.

2.7. Scanning electron microscopy (SEM)

Cochleae from 4-week-old mice were harvested and
fixed in 2.5% glutaraldehyde (Servicebio) for 4 h at 4°C.
Following decalcification in 10% EDTA solution, the
cochlear epithelium was exposed using microdissection.
Samples were subsequently rinsed three times in 0.1 M
phosphate buffer (PB, pH 7.4) for 15 min each. Samples
were postfixed in 1% osmium tetroxide prepared in 0.1
M PB for 1.5 h at room temperature, protected from
light, and then washed three times in 0.1 M PB for 15
min each. Cochlear tissues were dehydrated through an
ethanol gradient, transitioned through isoamyl acetate
for 15 min, dried using a critical point dryer (Quorum),
and sputter-coated under vacuum. Images were obtained
using a Hitachi SU8100 scanning electron microscope.

2.8. Hematoxylin and Eosin (HE) staining

Cochlear tissues were harvested from 12-week-old
mice (a fully mature adult stage), fixed and decalcified
as described for immunofluorescence, and processed
through graded ethanol dehydration. Tissues were
embedded in paraffin, and 5 pm thick sections were cut.
Sections were deparaffinized with xylene and rehydrated
with ethanol. Sections were stained with hematoxylin
solution for 1-2 minutes, followed by washing, and then
stained with eosin for 2—5 minutes.

2.9. RNA sequencing

Total RNA from the cochleae of 1-month-old (P28) mice
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(WT, Slc26q4° €26 1 gle0Gaqe 240192426y
= 6 per group) was extracted using TRIzol (/nvitrogen)
according to the manufacturer's protocol. RNA quality
was assessed using an Agilent 2100 Bioanalyzer (Agilent
Technologies). Samples that met the quality requirements
for transcriptome sequencing were used for library
preparation. Sequencing libraries were prepared from
total RNA using standard protocols for poly(A)-enriched
mRNA sequencing. Briefly, poly(A)+ RNA was isolated
using oligo(dT) magnetic beads, fragmented, and reverse
transcribed to generate first-strand cDNA, followed by
second-strand synthesis to produce double-stranded
cDNA. After end repair, A-tailing, and adaptor ligation,
the libraries were amplified using PCR and subsequently
purified. Library quality and fragment size distribution
were assessed prior to sequencing. Pooled libraries were
subjected to paired-end sequencing using an Illumina
NovaSeq 6000 platform (Illumina, Inc.).

2.10. Bioinformatic analysis

2.10.1. RNA-seq data processing and differential
expression analysis

A quality assessment of raw sequencing reads was
performed to ensure overall data reliability. Exploratory
analyses using principal component analysis (PCA)
and Pearson correlation—based distance heatmaps
were performed to assess sample dispersion and detect
potential outliers. Samples exhibiting discordant global
expression patterns and reduced within-group correlation
were considered outliers. One biological replicate per
group met these criteria and was excluded prior to
downstream analysis. Five biological replicates per
group were retained for differential expression analysis.
Differential gene expression analysis was conducted in R
4.5.1. Pairwise comparisons were performed between the
WT and each mutant group (Slc26a4° 7?1246 g
WT; Slc26a4S"2"' V1226 s WT), as well as between
the two mutant groups. Genes with an adjusted P value
(P,;) < 0.05 and an absolute log,-fold change > 0.2 were

adj

defined as differentially expressed genes (DEGs).
2.10.2. Data visualization

To visualize global expression patterns, PCA results
were displayed as biplots, and Pearson correlation-
based sample-to-sample distance heatmaps were
generated to examine relationships and clustering (25).
The numbers of upregulated and downregulated DEGs
identified in each pairwise comparison were summarized
and visualized as bar plots using GraphPad Prism
10.6.1. The differential expression results were further
visualized using volcano plots. To identify shared and
unique transcriptional changes between the compound
heterozygous mice mutants, Venn diagram analyses were
performed to determine overlapping upregulated and

downregulated DEGs.
2.10.3. Functional enrichment analysis

A functional enrichment analysis was conducted to
characterize the biological relevance of the DEGs. Gene
Ontology (GO) enrichment analysis for the biological
process (BP), cellular component (CC), and molecular
function (MF) categories was performed using the
"clusterProfiler" package. For each comparison, we
summarized the top enriched GO terms. Commonly
upregulated or downregulated genes in both mutant groups
were further subjected to functional enrichment analysis
using DAVID (Database for Annotation, Visualization
and Integrated Discovery). Enrichment results for the GO
categories (BP, CC, and MF) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways were summarized
to identify biological processes and pathways associated
with shared transcriptional alterations in Slc26a4 gene
mutations.

2.11. In silico cell-type mapping using public cochlear
single-cell datasets

To provide cellular context for representative DEGs
identified in bulk RNA-seq analysis, we performed in
silico cell-type mapping using publicly available mouse
cochlear single-cell and single-nucleus RNA sequencing
datasets hosted on the gEAR portal (umgear.org) (26).
The following datasets were examined: Single cell
RNA-seq analysis of P20 mouse cochlear cells (27) and
Adult mouse single-nucleus RNA-seq (methanol-fixed;
Hoa) (28). Expression patterns of selected DEGs were
visualized across annotated cochlear cell populations,
including hair cells, supporting cells, stria vascularis (SV)
cell types, and macrophages. This analysis was used
solely for contextual interpretation and did not involve
reprocessing of raw sequencing data.

2.12. Co-immunoprecipitation and LC-MS/MS analysis

To investigate whether mutation class alters pendrin-
associated molecular complexes, co-immunoprecipitation
coupled with Liquid Chromatography—Tandem
Mass Spectrometry (LC-MS/MS) was performed
in HEK293T cells transfected with Flag-tagged
WT or mutant SLC26A44 constructs (c.574delC and
c.1211C>A). Immunocomplexes were captured using
anti-Flag magnetic beads and subjected to in-gel
digestion followed by LC-MS/MS analysis. Proteins
were identified using a target—-decoy database with a
false discovery rate < 1%. Selected candidate genes
identified from proteomic analysis were further validated
by quantitative PCR (qPCR). Detailed experimental
procedures are provided in Supplementary Methods.

2.13. Statistical Analysis
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Statistical analyses were performed using SPSS (IBM)
and GraphPad Prism (GraphPad Software). Confocal
images with intensity profiles plotting were generated
in Fiji (ImageJ) along manually drawn lines across the
plasma membrane to assess spatial correlation between
pendrin and F-actin signals. Intensity values were
normalized to the maximum signal within each channel.
ABR thresholds are presented as the mean + the standard
deviation (SD). Group differences at each frequency
and time point were assessed using an unpaired two-
tailed Student's ¢ test. When no ABR response was
detected at the maximum stimulus level (90 dB SPL),
the threshold was assigned as 90 dB SPL for statistical
purposes. For hair cell quantification, data are presented
as mean values. Differences among groups and cochlear
regions (apex, middle, and base) were analyzed using

two-way analysis of variance (ANOVA), followed by
Sidak's multiple comparisons test. A p value < 0.05 was
considered to indicate statistical significance.

3. Results

3.1. Mutations alter pendrin intracellular distribution in
transfected cells

To investigate the potential pathogenic effects of the
identified SLC26A44 mutations, the location of SLC26A44
mutations at the gene and protein levels was examined
(Figure 1A and 1B). WT and two mutant plasmids
were generated and verified. We investigated the
subcellular distribution of WT and mutant pendrin in
transfected cells using immunofluorescence staining
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Figure 1. SLC26A4 mutations and their effects on pendrin subcellular localization. (A) Schematic representation of the SLC2644 gene structure
showing exon organization and the positions of the mutations ¢.574delC, ¢.919-2A>G, and c.1211C>A. (B) Predicted domain architecture of the
pendrin protein, including multiple transmembrane segments and the C-terminal anti-sigma factor antagonist (STAS) domain. The splice-site mutation
¢.919-2A>G is intronic and does not directly alter the encoded amino acid sequence, previous studies have shown that it disrupts normal splicing,
resulting in exon 8 skipping and truncated protein. (C) Representative confocal immunofluorescence images show the subcellular localization of Flag-
tagged WT and mutant SLC2644 in HeLa cells. Pendrin was detected using an anti-Flag antibody followed by a fluorescein-conjugated secondary
antibody (green). Actin filaments were stained with phalloidin (red), and nuclei were counterstained with DAPI (blue). Merged images and magnified
insets (dashed boxes) are shown to illustrate membrane localization patterns. Line-scan intensity profiles were generated using Fiji (ImageJ) along the
indicated white lines of individual cells to quantitatively assess spatial correlation between pendrin and actin signals. Scale bar, 20 pm.
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to assess whether the mutations altered its intracellular
distribution. Distinct localization patterns were detected
in HeLa cells transfected with WT and mutant SLC2644
constructs (Figure 1C). WT pendrin was enriched
predominantly at the plasma membrane in transfected
HeLa cells. In contrast, compared with WT cells, cells
with both the ¢.574delC mutation and the c.1211C>A
mutation presented reduced membrane enrichment and
increased intracellular distribution. Although partial
membrane-associated signals were still observed, a
substantial proportion of mutant pendrin was distributed
within intracellular compartments.

3.2. Generation and validation of S/c26a4 compound
heterozygous KI mouse models

For subsequent analyses of auditory function, we

generated clinically relevant Slc26a4 KI mouse models
carrying the c¢.574delC, c.1211C>A, and c.919-2A>G
mutations, which targeted exon 5, exon 10, and the splice
acceptor site of intron 7 (Figure 2A). Precise introduction
of each mutation was confirmed by PCR genotyping
and Sanger sequencing in single-mutant lines. Single
KI mice carrying c¢.574delC, c.1211C>A, or ¢.919-
2A>G mutations were first crossed with wild-type mice
to obtain heterozygous offspring. Homozygous mutant
mice were subsequently generated by intercrossing
heterozygous animals. Homozygous mutant lines were
intercrossed to generate Slc26a4°>"**'“*1*2*G and
Sle26a4° NG compound heterozygous mice
(Figure 2B and C). Sanger sequencing of compound
heterozygous mice further confirmed the presence of two
distinct Slc26a4 mutant alleles within individual animals
(Figure 2D).
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Figure 2. Generation and validation of S/c26a4 compound heterozygous knock-in (KI) mouse models. (A) Schematic diagrams of the
CRISPR/Cas9-mediated KI strategy used to introduce three pathogenic Slc26a4 mutations into the mouse genome. Donor single-stranded
oligodeoxynucleotides carrying the desired mutation were coinjected with Cas9 nickase and sgRNAs targeting exon 5 (c.574delC), exon 10
(c.1211C>A), or intron 7 (c.919-2A>G), followed by homology-directed repair. (B) Generation scheme for compound heterozygous mice. Wild-
type (WT) mice were crossed with founder KI mice to generate F1 heterozygotes. Intercrossing heterozygous F1 mice yielded homozygous mutants,
which were crossed between different alleles to produce compound heterozygous mice (c.574delC/c.919-2A>G and ¢.1211C>A/c.919-2A>G). (C)
Representative images of WT and two compound heterozygous mutant mice. (D) Sanger sequencing confirmed KI mutations at each genomic locus
in compound heterozygous mice. The introduced mutant nucleotides are marked.
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Figure 3. Compound heterozygous Slc26a4 KI mice exhibit elevated ABR thresholds. (A-B) Longitudinal auditory brainstem response (ABR)
thresholds of wild-type (WT) and compound S/c26a4 KI mice from 3—12 weeks of age in response to tone burst stimuli at 8, 16, 24, and 32 kHz (A)
and click stimuli (B). Compared with the WT controls, the compound mutant strains displayed significantly elevated ABR thresholds at all ages and
frequencies. ABR data are shown as the mean + SD. One-way ANOVA was used for statistical comparisons. An * indicates P < 0.05, ** indicates P <
0.01, and *** indicates P < 0.001 for Slc26a4°>" <192 compared with Sle26a4=">"'*<*"2AC; 4 # indicates P < 0.05, ## indicates P < 0.01, and
### indicates P < 0.001 for Slc26a4="*"'“****?4*¢ compared with WT; a A indicates P < 0.05, AA indicates P < 0.01, and AAA indicates P < 0.001 for
Slc26a4° 1246 compared with WT. (C) Representative click ABR waveforms were recorded from WT and mutant mice at 3 weeks of age.

3.3. Slc26a4 compound heterozygous mice show
elevated ABR thresholds

To assess whether the two compound heterozygous
Slc26a4 mutations recapitulated the auditory phenotype
observed in human patients, we performed ABR tests
using click and tone-burst stimuli at 8, 16, 24, and
32 kHz beginning at postnatal week 3. As shown in
Figure 3AB, compared with age-matched wild-type
controls, both compound heterozygous lines exhibited
significantly elevated ABR thresholds across all tested
frequencies (P < 0.001). Thresholds in Slc26a4°>"**
9192476 mice were consistently higher than those in
Sle26a4s 2" N26 mice. Notably, profound hearing
loss was evident at 3 weeks of age; ABR thresholds
approached the maximum stimulus level (90 dB SPL),
and there were no identifiable waveforms in most
Sle26a4°>7*?12*° mice (Figure 3C).

3.4. Impaired hair cell integrity and altered cochlear
morphology in compound heterozygous mice

To characterize cochlear structural alterations
associated with both compound heterozygous Sic26a4
mutations, hair cell morphology, ultrastructural features,
cochlear histopathology, and pendrin expression were
systematically examined (Figure 4).

Whole-mount immunofluorescence staining of
4-week-old mice for Myosin7a revealed well-organized
and continuous rows of inner hair cells (IHCs) and
outer hair cells (OHCs) across the apical, middle, and
basal turns in WT mice (Figure 4A and Supplementary

Figure S1, https://www.biosciencetrends.com/action/
getSupplementalData.php?ID=291). In contrast,
Slc26a4c 74219246 mice exhibited pronounced
disruption of OHC organization and discontinuity of hair
cell rows in all cochlear turns, which were characterized
by reduced Myosin VIla and DAPI signal intensity.
In Sle26a4%"" V19246 pice, the overall hair cells
survived, with only sporadic loss of individual OHCs
observed, and the general organization of hair cell rows
remained comparable to that of WT mice (Figure 4C).

SEM of 4-week-old mice demonstrated further
differences in stereociliary architecture between the two
compound genotypes (Figure 4B). In Slc26a4°>7*'"
9192426 mice, more severe ultrastructural abnormalities
included extensive loss of OHC stereocilia, fusion,
disorganized arrangement, and IHC stereocilia bundle
collapse. In comparison, Slc26a4"*" <926 mice
retained mostly intact hair bundles; however, OHC
stereocilia exhibited loose organization and localized
structural deformities. Relative to WT mice, IHC
stereocilia of Slc26a4°""' 192476 mice displayed
locally disrupted orientation but retained their overall
bundle structure. Similar stereociliary abnormalities were
also observed in the apex, middle, and basal turns of the
cochlea, although representative SEM images from the
middle and basal turns were limited by incomplete fields
of view for Slc26a4*"*"' V<14 mice (Supplementary
Figure S2, https://www.biosciencetrends.com/action/
getSupplementalData.php?ID=291).

HE staining of cochlear sections from 12-week-old
mice revealed the cochlear architecture and structure of
the organ of Corti (Figure 4D). In Slc26a4°* 74192476
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Figure 4. Impaired hair cell integrity, altered cochlear morphology and pendrin expression in two different compound heterozygous mice.
(A) Whole-mount immunofluorescence images of the cochlear sensory epithelium stained for myosin VIla and DAPI show differences in the extent
of loss of outer hair cells (OHCs) and inner hair cells (IHCs) between two different compound heterozygous mice and WT mice at the middle turns.
Scale bar, 20 pm. (B) Scanning electron microscopy (SEM) images of mouse cochlear epithelial apical turns show that Slc26a4°>"**““*"*?4*¢ mice
have severe ultrastructural abnormalities, including extensive loss and fusion of OHC stereocilia, a disorganized arrangement, and collapse of IHCs
stereociliary bundles. Slc26a4*">"***"****% mice preserve the overall bundle structure and loose organization of the OHC stereocilia and disrupted
orientation of the IHCs stereocilia. (C) Quantification of surviving IHCs and OHCs in WT and mutant mice. Individual values are shown. Data are
shown as the mean of the biological replicates. Statistical analysis was performed using two-way ANOVA followed by Sidak's multiple comparisons
test. ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (D) Hematoxylin and eosin (HE) staining of cochlear sections of
mouse cochlear middle turns. WT cochleae show an intact cochlear architecture with an intact Reissner's membrane (RM), normal scala media, a
stria vascularis (SV), and an organ of Corti with clear IHCs and three OHC rows. Slc26a4°"7**“*"****% mice exhibit pronounced morphological
abnormalities, including dilation of the scala media (as indicated by the black arrow pointing to Reissner's membrane) and disorganization of the
organ of Corti. In Slc26a4°""“***"****C mice, overall cochlear morphology was preserved. (E) Immunofluorescence staining of cochlear sections
showing pendrin expression in the SV and adjacent regions. Representative images are shown from the middle turn of the cochlea. In WT mice,
pendrin expression is detected in the spiral prominence (SP) and root cells (RC). A similar pendrin localization pattern was observed in the two
mutant mice.
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mice, marked histopathological abnormalities included
dilation of the scala media, atrophy of the SV, and
disorganization of the organ of Corti, with indistinct hair
cell morphology. In contrast, Slc26a4"*" <<% mice
maintained overall cochlear structure and had identifiable
hair cell layers in the organ of Corti.

Immunolocalization further demonstrated that
pendrin was expressed in the SV adjacent regions of the
cochleae, including the spiral prominence (SP) and root
cells (RCs), in WT mice (Figure 4E). Similar pendrin
expression was detected in the Slc26q4°> /219246
and Slc26a4° "N 24 mice. No overt alteration
in pendrin localization was evident among WT and
compound heterozygous Slc26a4 mice.

3.5. Transcriptomic profiling reveals distinct and shared
gene expression changes in response to compound
Slc26a4 mutations

3.5.1. Global transcriptomic variation

A PCA revealed clear separation among WT cochleae
and cochleae from the two Slc26a4 mutants (Figure 5A,
Supplementary Figure S3, https://www.biosciencetrends.
com/action/getSupplementalData.php?ID=291).
Samples from Slc26a4°°7**“*"****% and Slc26a4<""Y
¢91924%6 mice formed distinct clusters that were spatially
separated from those of WT mice, which indicated
pronounced transcriptomic differences between mutant
and WT cochleae. In addition, the two mutant groups
were partially separated from each other along principal
component axes, which suggested the presence of
genotype-specific transcriptional signatures. Consistent
with the PCA results, sample-to-sample distance
heatmaps based on Pearson correlations demonstrated
high within-group similarity and clear clustering
according to genotype (Figure 5B, Supplementary
Figure S3, https://www.biosciencetrends.com/action/
getSupplementalData.php?ID=291).

3.5.2. Differential patterns of transcriptomic changes in
Slc26a4 mutant cochleae

Differential expression analysis revealed substantial
transcriptional changes in both S/c26a4 mutants
compared with the WT group. The numbers of
upregulated and downregulated DEGs with different
fold changes varied across comparisons, as summarized
in Figure 5C. Notably, compared with WT cochleae,
cochleae from the Slc26a4*7*“*"****% mice exhibited
a greater number of DEGs than cochleae from the
Sle26a4*!' e mice did, which indicated that
more transcriptional alteration occurred in the former.
Volcano plot visualization highlighted distinct
DEG distributions for each pairwise comparison and
illustrated the magnitude and statistical significance of
gene expression changes (Figure 5D-F). In addition to

differences relative to WT mice, a direct comparison
between the two mutant models revealed further
transcriptional differences (Figure 5F) that indicated
genotype-specific gene expression changes. Together,
these results demonstrated that each S/c26a4 mutant
model exhibited a characteristic and distinguishable
transcriptional signature.

3.5.3. Distinct functional enrichment programs
differentiate the two Slc26a4 mutant models

GO enrichment analysis revealed markedly distinct
functional signatures between cochleae from the
two Slc26a4 mutants. Analyses were performed
separately for upregulated and downregulated DEGs;
representative top terms for upregulated DEGs are
shown in Figure 5G-I, and downregulated terms are
shown in Supplementary Figure S4 (https://www.
biosciencetrends.com/action/getSupplementalData.
php?ID=291). In Slc26a4<>"*'“*124C cochleae,
upregulated DEGs were predominantly enriched in
biological processes related to cell-substrate adhesion,
Wnt signaling, and organ development (Figure 5QG).
Correspondingly, enriched cellular components included
the plasma membrane and junctional complexes,
whereas molecular functions were dominated by
extracellular matrix structural constituents and integrin-
and collagen-binding activities. In contrast, a different
enrichment profile occurred in Sle26a4* " <Ae192A%6
cochleae, and upregulated DEGs included functional
categories that were associated primarily with immune-
related and regulatory processes such as leukocyte
migration, chemotaxis, and cytokine activity, as well as
membrane microdomain-related cellular components
(Figure 5H).

A direct comparison of DEGs between the two mutant
models further revealed that the upregulated genes
were predominantly enriched in biological processes
associated with extracellular matrix organization, external
encapsulating structure organization, Wnt signaling,
and ear and sensory organ development. Additional
enrichment was observed for developmental processes
related to inner ear morphogenesis and connective tissue
development (Figure 51). Consistent with these findings,
cellular component analysis highlighted enrichment
in the basement membrane, apical and basolateral
plasma membranes, and junctional complexes.
Molecular function categories were enriched mainly for
extracellular matrix structural constituents, integrin and
collagen binding, glycosaminoglycan binding, and ion
transport-related activities.

3.5.4. Shared transcriptional alterations between the two
Slc26a4 mutant models

To identify common gene expression changes associated
with Slc26a4 mutations, Venn diagram analysis was
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Figure 5. Transcriptomic changes and functional enrichment in S/c26a4 mutant mouse cochleae. (A) Principal component analysis (PCA) of
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global transcriptomic profiles for three groups. (B) Sample-to-sample distance heatmap based on Pearson correlations showing hierarchical clustering
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represent samples from the Slc26a4*""<***"****G group. (C) Bar plots summarizing the numbers of upregulated and downregulated differentially
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transcriptional changes. (L) Functional enrichment analysis of DEGs that were commonly upregulated (179 genes) or downregulated (234 genes) in both
mutant models. Enriched GO terms (BP, CC, and MF) and KEGG pathways are shown. Bar length represents the —log10 of the Benjamini-adjusted P
value and color indicates up or down regulation.
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performed. A subset of DEGs, including commonly
upregulated and downregulated genes, was shared
between the two mutant groups and the WT group (Figure
5J and Figure 5K, Supplementary Table S1, https://www.
biosciencetrends.com/action/getSupplementalData.
php?ID=291).

A total of 47 genes were consistently upregulated in
cochleae from mutant mice compared with those from
WT mice, and higher expression levels occurred in the
Slc26a4™°"“* 726 mutant than in the Sle26a4**"'“Y
¥1924%6 mutant (Supplementary Table S1, https://www.
biosciencetrends.com/action/getSupplementalData.
php?ID=291). These commonly upregulated genes
included extracellular matrix components (e.g., Lamal,
Sparc, and Cdhl), antioxidant enzymes (e.g., Gpx3
and Hspalb), and stress-responsive molecules (e.g.,
Timp2, Ndrg2, and S100al0), as well as ion transport
related genes (e.g., P2rx2, Scnnlb, and Atpla2). Many
of these genes are known to contribute to epithelial
integrity, oxidative stress responses, and ion homeostasis
maintenance in the cochleae. Functional enrichment
analysis of these 47 shared upregulated DEGs was
performed using DAVID and revealed significant
enrichment in GO terms. These upregulated genes were
significantly enriched in biological processes related to
extracellular matrix organization, cell adhesion, calcium
ion binding, and stress responses (Supplementary
Table S2, https://www.biosciencetrends.com/action/
getSupplementalData.php?ID=291). In addition,
compared with those in the WT cochleae, the expression
of 132 genes in mutant cochleac was also upregulated,
but expression did not differ between the two mutant
models; these genes were considered to be shared
mutation-associated responses that were independent of
genotype-specific effects.

To further characterize the transcriptional programs
commonly affected by Slc26a4 mutation, we performed
DAVID analyses on consistently upregulated DEGs (179
genes) or downregulated DEGs (234 genes) in cochleae
from both mutants relative to WT mice (Fig. 5L).
Commonly upregulated genes were enriched primarily in
pathways and biological processes related to extracellular
matrix organization, cell adhesion, ion transport,
and secretory or membrane-associated components.
Commonly downregulated DEGs were enriched
consistently in pathways associated with fundamental
cellular processes, including cell cycle regulation,
mitosis, DNA replication, DNA repair, and chromosome
organization, and enriched cellular components included
the nucleus, chromosome, centromere, kinetochore, and
microtubule-associated structures.

3.5.5. Cell-type contextualization of mutation-associated
DEGs

To provide cell-type context for bulk RNA-seq findings,
we performed in silico mapping of mutation-associated

DEGs using public cochlear single-cell atlases (gEAR;
Figure 6). Ion transport— and epithelial-related genes,
such as P2rx2, Atpla2, Epyc, Clic5 were enriched in
SV, hair cells and supporting cells in the organ of Corti,
whereas immune-related genes such as 7rem2 and Lbp
were predominantly detected in macrophages and SV
associated compartments.

3.6. Mutation-dependent alteration of pendrin-associated
interactions

Given the mutation-severity—dependent transcriptional
remodeling observed in vivo, we further examined
whether pendrin-associated protein complexes were
differentially altered according to mutation class. WT
specific enriched gel regions were selectively excised
and subjected to LC-MS/MS analysis (Supplementary
Figure S5, https://www.biosciencetrends.com/action/
getSupplementalData.php?ID=291). This band-guided
strategy identified 462 candidate pendrin-associated
proteins. Functional annotation (GO/KEGG) suggested
their predominant involvement in (1) protein folding and
endoplasmic reticulum processing, (2) membrane and
junctional organization, and (3) metabolic regulation.
The related representative genes are presented in
Supplementary Table S3 (https://www.biosciencetrends.
com/action/getSupplementalData.php?ID=291). qPCR
validation of selected representative genes (HSPAJS,
HSPAIB, LTF, and JUP) demonstrated expression
trends associated with mutation-dependent molecular
remodeling (Supplementary Figure S6, https://www.
biosciencetrends.com/action/getSupplementalData.
php?ID=291).

4. Discussion

In this study, we investigated two novel SLC2644
mutations, the frameshift mutation c¢.574delC and the
missense mutation ¢.1211C>A, which were identified
in prior clinical observations. These mutations were
associated with different severities of hearing loss in
compound heterozygous mouse carriers due to the
presence of a common shared splice-site mutation
(c.919-2A>G). By generating mutation-specific cellular
models and compound heterozygous KI mouse models,
we identified how a distinct SLC2644 mutation class of
alleles shaped cochlear pathology when paired with the
same splice-site mutation, and we explored the molecular
mechanisms underlying SLC26A44-related hearing loss.
Pendrin is characterized by multiple transmembrane
domains at the N-terminus and a highly conserved
C-terminal sulfate transporter and anti-sigma factor
antagonist (STAS) domain. Recent cryo-EM structural
analyses of pendrin have provided a mechanistic
framework for interpreting mutation-specific differences
in pendrin (8). Disease-associated mutations are highly
enriched within the anion-binding pocket, gating
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Figure 6. In silico cell-type mapping of representative DEGs using gEAR single-cell datasets. (A) Expression patterns of selected DEGs across
annotated single cell RNA-seq analysis of P20 mouse cochlear cells. Dot size represents fraction of expressing cells: Claudius cells (Claudius);
Hensen's cells (Hensen's); inner hair cells (IHCs); outer hair cells (OHCs); inner phalangeal/inner border cells (Ipha/Inner Border) Type 1 and Type
2; Pillar and Deiters' cells (Pillar/Deiter's), color intensity indicates log, mean expression. (B) Expression distribution of representative genes across
annotated adult mouse single-nucleus RNA-seq (methanol-fixed; Hoa) dataset. Violin plots depict log,, expression levels across basal, intermediate,
marginal, macrophage, Reissner's membrane, root, and spindle cell populations.

regions, and STAS-mediated dimerization interfaces,
which are essential for anion recognition, transport
cycling, and protein stability (//,29-31). Disruption
of these core architectural elements is expected to
result in ion transport-related functional loss. The two
SLC26A44 mutations investigated in this study affected
distinct structural and functional regions of pendrin.
The ¢.574delC mutation introduces a frameshift and
premature termination codon that results in a severely

truncated protein that lacks the entire C-terminal STAS
domain, whereas the ¢.1211C>A mutation is a missense
mutation located within the transmembrane core domain.
Although the c.1211C>A mutation produced a full-
length pendrin protein, perturbation of the core domain is
likely to impair regulatory functions in anion transport or
exchange activities (&).

Consistent with these structural differences, in
vitro overexpression experiments revealed intracellular
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distribution patterns in two identified mutations. Both
mutations resulted in reduced membrane-associated
signals in transfected cells. These observations reflect
distribution patterns in heterologous overexpression
systems and do not necessarily represent the
physiological localization of pendrin in native cochlear
cells. Notably, immunolocalization analyses in cochlear
sections did not reveal an overt redistribution of pendrin
in the SP or RCs among WT and compound heterozygous
mice. This suggests that gross pendrin localization may
be preserved in vivo despite functional impairment. Such
preservation may reflect limitations in detecting subtle
changes in membrane residency vie immunostaining,
differences between overexpression systems and
endogenous regulation, or compensatory mechanisms
that maintain apparent localization without fully restoring
transporter activity. These findings are aligned with
those of previous studies in which truncating SLC26A44
mutations often lead to complete loss of function,
whereas missense mutations may retain partial activity
but exhibit impaired trafficking or stability (/0,32). Thus,
these findings indicate that pendrin function relies upon
different mechanisms, such as structural truncation and
functional dysregulation, loss of protein integrity for
¢.574delC, and impaired trafficking or processing for
c.1211C>A, which may diminish effective membrane-
localized transporter activity.

In the inner ear, pendrin is essential for maintaining
endolymphatic pH and ionic composition, thereby
supporting normal cochlear development and hair
cell survival (9,33). Disruption of the structure or
trafficking of pendrin might differentially affect cochlear
homeostasis. In this context, truncating mutations
and mutations that abolish pendrin integrity are likely
to induce more severe perturbations than missense
mutations are, which was consistent with the severity
gradient observed between both compound heterozygous
KI mouse models. In mice, auditory thresholds
mature by postnatal day 14-21, and both KI models
demonstrated markedly elevated ABR thresholds by
postnatal week 3, which indicated an early-onset pattern
of hearing loss. Importantly, the thresholds were higher
in Slc26a4°°7**“ """ mice, which was in agreement
with more severe hearing loss observed clinically in
this proband genotype. Morphological analyses further
supported a severity gradient: Slc26aq4"> 412476
mice exhibited pronounced disruption of hair cell
organization and stereociliary architecture, including
extensive stereocilia loss or fusion in OHCs and IHC
bundle collapse, along with dilation of the scala media,
SV atrophy, and disorganization of the organ of Corti.
In contrast, Slc26a4"'>"'<A9924%% nice retained hair-
bundle structures with loose organization and a relatively
intact cochlear architecture.

These findings are in accordance with clinical
observations of Pendred syndrome and DFNB4, in
which frameshift or splice-site SLC2644 mutations

are frequently associated with severe-to-profound,
early-onset hearing loss that is accompanied by inner
ear malformations (/3,34,35). Notably, previous
experimental studies have also shown that the ¢.919-
2A>G mutation, particularly in homozygous or
functionally severe compound heterozygous states, is
associated with more pronounced auditory phenotypes
(18,19). Our findings encompass clinical phenotypes,
auditory physiology, and cochlear histopathology in
mouse models and extend previous observations by
demonstrating that disease severity can be further
modulated by the functional nature of a second SLC26A44
allele when a shared splice-site mutation (¢.919-2A>G)
is present. Specifically, the combination of ¢.919-2A>G
with a truncating mutation (c.574delC) resulted in more
severe functional and structural cochlear abnormalities
than did pairing it with a missense mutation (c.1211C>A),
which indicates that residual pendrin function contributed
by the second allele may influence the phenotypic
outcome. These features closely resemble the phenotypes
reported in Slc26a4-null or severely hylomorphic
mouse models, thus supporting the notion that pendrin
deficiency primarily disrupts epithelial integrity and
endolymphatic homeostasis (/7,33,36).

In this study, transcriptomic profiling revealed
shared and mutation-specific alterations in gene
expression in both compound heterozygous Slc26a4
mouse models. Compared with Slc26a4'>!"Ae21924°6
mice, Slc26a4*>7**“?""?A*6 mice exhibited a markedly
greater number of DEGs and broader disruption of gene
expression profiles. This parallel between molecular
and phenotypic severity suggests that the extent of
transcriptomic dysregulation reflects the degree of
cochlear pathology induced by different Sic26a4
mutations. Compared with WT mice, upregulated
genes in the cochleae of Slc26a4°>**“**124°% mice
were predominantly enriched in pathways related
to extracellular matrix organization, cell-substrate
adhesion, and epithelial membrane compartments.
Cochlear development and hair cell maturation depend
on precise regulation of extracellular matrix composition
and cell-matrix adhesion, which provide both structural
support and signaling cues (37-39). Given the established
roles of extracellular matrix composition, basement
membrane integrity, and apical-basal polarity in cochlear
morphogenesis, these transcriptional changes likely
reflect a disturbance of epithelial structural programs
during inner ear development (40-43). In contrast,
upregulated DEGs associated with the Sle26a4*'*" <"
A% mutation were enriched mainly in immune-related
and regulatory processes, including leukocyte migration
and cytokine signaling, as well as membrane raft-
associated cellular components and cytokine/chemokine
activity, which indicates a predominant regulatory
transcriptional response in tissue damage or cochlear
repair (44-47). Interestingly, enrichment of kidney and
renal system development were also observed in DEGs
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of both two mutant types compared to WT. Given the
well-established expression profile of pendrin and its
ion transport function in the kidneys, related genes and
enrichment might reflect shared epithelial transport and
polarity gene networks that are utilized in the cochleae
and kidneys (48-50).

In addition, a direct comparison between the two
mutant models revealed a distinct set of DEGs that
demonstrated mutation severity-dependent transcriptional
remodeling. Genes upregulated in Slc26a4>"**</**"*
*% mice were strongly enriched in pathways related
to extracellular structure organization, cell-substrate
adhesion, Wnt signaling, and ear development, which
indicates disruption of epithelial architecture and
developmental programs. Given that pendrin is a
membrane-localized anion exchanger essential for
epithelial polarity and ion homeostasis in the inner
ear, the activation of extracellular matrix- and Wnt-
associated pathways likely reflects maladaptive structural
remodeling and failed developmental compensation (5/-
53) and is consistent with the more severe congenital
hearing loss observed in patients with truncating or
splice-disrupting SLC26A44 mutations.

Despite genotype-specific differences, both mutant
models shared substantial transcriptional alterations
relative to WT mice. Commonly upregulated genes
were enriched in cell adhesion and ion transport
pathways, which suggested pendrin dysfunction and an
impact on the cochlear epithelium system. Conversely,
commonly downregulated genes were robustly and
consistently enriched in pathways related to cell cycle
regulation, mitosis, DNA replication, and chromosome
organization. While mature cochlear sensory cells are
mostly postmitotic, suppression of these pathways may
reflect altered supporting-cell states, impaired structural
repair susceptibility, or shifts in cellular composition
secondary to developmental injury(54). Notably, 47
shared upregulated DEGs and 11 shared downregulated
DEGs exhibited greater expression bias in Slc26a4°>"**'"
91924%G cochleae, which suggests a potential association
with disease severity.

Notably, several of the disease severity—associated
genes identified in this study have previously been
implicated in cochlear epithelial ion regulation and
electrochemical homeostasis, such as upregulated
P2rx2 (a known deafness gene), Atpla2 (Na'/K' ion
transport), Scnnlb (facilitating Na™ absorption) and
downregulated S/c4al0 (acid extrusion), suggesting
disruption of coordinated ion transport networks (55-
57). Public single-cell atlases indicate that these genes
are enriched mostly in SV, Reissner membrane and hair
cells, supporting cells in organ of Corti, supporting the
notion that pendrin deficiency perturbs epithelial ion
homeostasis at the tissue level. Second, structural and
adhesion-related genes, including hair cell-enriched
Clic5, supporting cell-enriched Epyc, epithelial adhesion
gene Cdhl, and SV cell-enriched LmxIa, Epha7, were

more strongly upregulated in the ¢.574delC genotype
(28,58-62). This gradient mirrors the morphological
severity observed in Slc26a4°° 79240 mice,
characterized by greater structure disruption, hair
cell loss and stereociliary fusion, suggesting different
epithelial remodeling responses scale. Third, immune
and stress responsive genes including Trem2, Lbp,
and Hspalb, were consistently elevated, with stronger
induction in the c.574delC genotype (63-65). They
localize predominantly to SV and in macrophage cell
populations, suggesting that the immune signature
observed in bulk RNA-seq likely reflects activation of
resident immune compartments in SV-related structures.
Together, these findings support a model in which
truncating mutations impose a greater effect in the
cochlea, leading to amplified epithelial ion imbalance,
related structural stress responses, and enhanced immune
activation in different important regions of cochlea.
The graded magnitude of these transcriptional changes
parallels the observed severity of auditory dysfunction,
providing a coherent molecular framework for allele-
class—dependent phenotypic variability.

The distinct transcriptional signatures between
mutation classes may reflect intrinsic differences in
their molecular consequences. The truncating mutation
¢.574delC introduces a premature termination codon and
may therefore be subject to nonsense-mediated mRNA
decay (NMD), potentially reducing transcript stability
and pendrin abundance. This could limit sustained
protein-folding stress while triggering compensatory
transcriptional responses associated with epithelial
remodeling and stress adaptation. In contrast, the
missense mutation c.1211C>A preserves transcript
length but may destabilize at the protein level, leading
to conformational perturbation and engagement of
endoplasmic reticulum (ER) quality-control pathways.

Consistent with this distinction, IP-LC-MS/MS
analysis revealed pendrin associated protein enrichment
of ER chaperones and proteostasis-related components,
including HSPAS5, HSPY0BI, LTF, etc. In vitro qPCR
revealed mutation-dependent modulation of proteostasis
pathways. HSPA5 upregulation under the missense
condition is consistent with ER folding stress and
adaptive unfolded protein response activation, whereas
its reduction in the truncating construct, together with
decreased HSPAIB, suggests limited sustained cytosolic
stress engagement. Concurrent downregulation of
LTF further indicates adjustment of ER-associated
secretory load. Collectively, these patterns support
a model in which the missense mutation induces
conformational stress—driven folding engagement, while
the truncating mutation may be rapidly cleared with
reduced proteostatic activation. Although derived from a
heterologous system, these findings provide a plausible
mechanistic link between mutation class and divergent
transcriptional remodeling observed in vivo. Together,
these data raise the possibility that mutation severity
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influences not only ion transport capacity but also the
stability and organization of pendrin-associated protein
networks.

Although the transcriptomic, proteomic, and cellular
analyses provide converging evidence for mutation-
dependent molecular remodeling, the present study
primarily establishes associations rather than direct
causal relationships. In particular, the mechanisms
of hearing impairment require further validation
through spatial localization and functional perturbation
experiments. In addition, the cell-type mapping analysis
was performed using publicly available single-cell
datasets and therefore provides an inferred cellular
context rather than direct spatial validation in the
knock-in mouse models. Future studies incorporating
ion transport function measurement in cells, earlier
postnatal time points measurement in mice models,
spatial transcriptomic or in situ validation, as well as
quantitative assessment of immune-related factors or
anti-inflammatory interventions, will be important to
further refine the mechanistic framework (65).

Multiple basic proof-of-concept studies have
demonstrated that restoring pendrin expression or
function can rescue inner ear phenotypes (30,66,67). In
recent years, approaches such as gene supplementation,
viral-mediated gene delivery, and genomic strategies
including DNAJC14 modulation, CRISPR/Cas9-
mediated exon skipping, and antisense oligonucleotide
approaches have demonstrated the therapeutic potential
of restoring pendrin function in Slc26a4-mutant mice
(68-70). Recent studies have reported that postnatal
AAV-mediated Slc26a4 gene supplementation can
restore pendrin expression and significantly improve
hearing and inner ear morphology in missense mutation
knock-in mouse models (7/). Building on these
advances and our findings, future studies will integrate
the evaluation of mutation-specific severity and
allele-dependent pathogenic mechanisms to guide the
exploration of precision therapies for SLC26A44-related
hearing loss.

5. Conclusion

In summary, our study demonstrated that distinct
SLC26A4 mutations conferred differential cochlear
pathology and transcriptional remodeling when paired
with a common splice-site mutation, which resulted
in a graded severity of hearing loss. These findings
establish a mutation-specific mechanistic framework for
SLC26A4-associated deafness and provide a foundation
for the development of future therapeutic strategies.
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