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Abstract
Background  Hearing loss, a major public health issue, affects 1.33 per 1,000 live births worldwide. Genetic factors 
contribute to over half of congenital cases, with X-linked inheritance accounting for 1–5%. POU3F4 mutations are 
associated with approximately 50% of X-linked non-syndrome hearing loss cases. POU3F4 plays a critical role in 
cochlear development by regulating otic mesenchyme cell differentiation. The study investigates the impact of a 
novel POU3F4 p.E294G mutation on cochlear structure and function using cellular and animal model.

Methods  The study utilized immortalized lymphoblastoid cell lines, POU3F4 overexpressed HEK293 cells and 
generated Pou3f4 knock-in (Pou3f4KI) mice via CRISPR/Cas9 to introduce the p.E294G mutation. Alterations 
in expression and subcellular localization of POU3F4 were detected at the cellular level. Auditory function 
was assessed using auditory brainstem response testing. Cochlear structure was analyzed through histology, 
immunohistochemistry, scanning electron microscopy, and transmission electron microscopy. RNA sequencing, qPCR 
and Western blot were conducted to evaluate gene expression and mitochondrial function.

Results  The transcription of POU3F4 was abnormal and the expression was normal in lymphoblastoid cell lines. 
Abnormal nuclear localization of POU3F4 p.E294G was found in overexpressed HEK293 cells. Pou3f4KI mice exhibited 
cochlear malformations, including modiolus hypoplasia and reduced stria vascularis cell populations. Auditory testing 
revealed progressive hearing loss. Pou3f4 affect mitochondrial protein expression by affecting the expression of TFAM. 
Mitochondrial dysfunction was evident, with reduced oxidative phosphorylation (OXPHOS) complex assembly and 
activity, decreased ATP levels. The level of reactive oxygen species, mitochondrial fission and apoptosis in cochlea 
were elevated.
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Background
Hearing loss affects millions globally and is a signifi-
cant public health concern, impacting about 1.33 per 
1,000 live births, increasing through childhood to ado-
lescence [1–3].Genetic factors are responsible for more 
than half of congenital hearing loss cases, with X-linked 
inheritance accounting for 1-5% globally [4, 5]. Among 
these, POU3F4 mutations are implicated in about 50% of 
X-linked non-syndromic hearing loss cases, making it a 
crucial target for further research [6].

POU3F4 encodes a neural transcription factor of the 
POU Class III family, primarily involved in inner ear 
development [7]. Mutations in POU3F4 are linked to 
mixed deafness, characterized by incomplete parti-
tion type 3 (IP-3), stapes fixation, and cerebrospinal 
fluid gusher during surgery [7–9]. Its primary function 
involves regulating otic mesenchyme cells (OMCs) differ-
entiation, which are essential for proper cochlear devel-
opment [10].

The role of POU3F4 in cochlear development remain 
unclear. Only a few potential transcriptional targets, such 
as EPHA4 and EFNB2, have been identified, but direct 
binding sites and downstream effects are still poorly 
understood [10, 11]. POU3F4 is expressed in various 
cochlear cell types, including OMCs in embryo and spi-
ral ligament fibrocytes (SLFs) and spiral limbus, modiolar 
osteoblasts, specialized tympanic border cells of the basi-
lar membrane and basal cells of the stria vascularis differ-
entiate differentiation from OMCs, indicating its broad 
role in maintaining cochlear structural integrity [12]. 
Given the critical role of POU3F4 in cochlear develop-
ment and the gaps in understanding its molecular targets 
and mechanisms, this study aims to elucidate the impact 
of a novel POU3F4 mutation on cochlear structure and 
function, using cell model and animal model. This study 
focuses on the POU3F4 p.E294G mutation, located 
within the highly conserved POU-homeo domain. Given 
its potential to alter transcription factor activity, under-
standing its effect could provide key insights into the 
pathology of POU3F4-related hearing loss.

Materials and methods
Protein structure prediction for POU3F4 c.881 a > g 
mutation
To predict the structural effects of the POU3F4 
c.881  A > G mutation, we first retrieved the wild-type 

protein sequence from the UniProt database. We then 
utilized homology modeling tools, such as SWISS-
MODEL, to generate three-dimensional models for both 
the wild-type and mutant proteins. After obtaining the 
models, we performed energy minimization to optimize 
their structures. The predicted structures were visual-
ized using PyMOL to assess conformational differences 
between the wild-type and mutant proteins. This analy-
sis provided insights into how the c.881  A > G muta-
tion might affect the protein’s structure and potential 
function.

Cell lines and culture conditions
Immortalized lymphoblastoid cell lines were gener-
ated from family members (II-1, II-2, III-1 and III-2), 
and named the cell lines heterozygote (Het), wild-type, 
hemizygote1 (Hemi1) and hemizygote2 (Hemi2) respec-
tively [13]. These cell lines were cultured in RPMI 1640 
medium with 10% fetal bovine serum (FBS).

Plasmid construction and cell transduction
The HEK293 cells were cultured in Dulbecco’s Modified 
Eagle Medium (DMEM) (Gibco), supplemented with 10% 
FBS. POU3F4-wild-type (POU3F4-WT) and c.881 A > G 
mutation (POU3F4-MUT) expression plasmids were 
constructed by cloning the respective binding sites into 
the p-EGFP-N1 vector. Cell lines were transfected at 
70–80% confluence in 6-well plates using jetPRIME 
(Polyplus), according to the manufacturer’s instructions. 
After 48 h, the samples were collected.

Generation of the Pou3f4KI mouse
All procedures involving animals were coincided with 
animal ethics and were approved by the Animal Care and 
Use Committees of the Lanzhou University. The gRNA to 
mouse Pou3f4 (p.E294G) gene, the donor oligo contain-
ing p.E294G (GAA to GGA) mutation and two synony-
mous mutations (p.L293= (CTG to CTC) and p.L298= 
(CTC to TTG)), and Cas9 were co-injected into fertil-
ized mouse eggs to generate targeted knock in offspring 
(Supplement Figure  1). gRNA target sequence: gRNA-
A1 (matching forward strand of gene): ​G​G​T​G​A​G​T​G​T​C​
A​A​G​G​G​C​G​T​A​C​T​G​G and gRNA-A2 (matching reverse 
strand of gene): ​C​T​G​C​A​G​G​C​T​T​G​G​G​A​C​A​C​T​T​G​A​G​
G.F0 founder animals were identified by PCR followed 
by sequence analysis, which were bred to wildtype mice 

Conclusions  The POU3F4 p.E294G resulted in abnormal nuclear localization. Pou3f4 mutant disrupts cochlear 
development and function, impairs mitochondrial integrity, induces oxidative stress, and promotes apoptosis, leading 
to progressive hearing loss. The findings enhance the understanding of POU3F4-related hearing loss mechanisms and 
highlight the importance of early genetic screening and audiological monitoring.
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to test germline transmission and F1 animal generation. 
For the genotypic analysis, total DNA was extracted from 
the tails of pups and confirmed by Sanger sequencing 
genomic DNA from exon 1 using primers flanking the 
site of the mutation: F: 5’-​A​A​A​G​A​A​G​A​A​T​C​A​A​G​T​T​G​G​
G​C​T​T​C​A​C-3’ and R: 5’-​C​T​A​G​C​A​A​G​C​T​A​G​A​G​A​G​A​T​A​
G​C​A​A​C-3’.

Auditory brainstem response (ABR)
ABR recording experiments were performed as detailed 
elsewhere [14]. ABR thresholds were recorded to assess 
the hearing of mice. Pou3f4KI and WT mice were anes-
thetized by intraperitoneal injection of Tribromoethanol 
(0.2mL/10 g) and their body temperature was maintained 
at 37℃. The evoked brainstem response to click and pure 
tones (4, 8, 16, 24, 32 kHz) was measured. The SPL from 
90 to 20 dB in a 5 dB ~ 10 dB step and the lowest dB SPL 
level at which the ABR pattern could be recognized was 

defined as the ABR threshold. The Tucker-Davis Tech-
nologies workstation provided the auditory stimulation, 
signal reception, and amplification; the coupled BioSigRZ 
software was used to analyze data.

Immunofluorescence staining
Cochlea tissues were fixed in 4% paraformaldehyde 
(PFA) for 48 h, decalcified with EDTA for 48 h, and then 
dehydrated using a graded ethanol series. Tissues were 
embedded in paraffin, and 10 μm thick sections were cut. 
Sections were deparaffinized with a series of xylene and 
ethanol washes and followed by blocking with 5% bovine 
serum albumin (BSA) in PBS for 1  h at room tempera-
ture. Sections were incubated with primary antibodies 
(see Table 1) at 4 °C overnight. After washing with PBS, 
sections were incubated with fluorophore-conjugated 
secondary antibodies (see Table 1) for 1 h, protected from 
light. Sections were stained with DAPI to label cell nuclei. 
Fluorescence images were acquired using a Leica micro-
scope, Zeiss LSM880 confocal laser scanning micro-
scope, or TissueFAXS Plus quantitative imaging system.

Hematoxylin and Eosin (HE) staining
Tissue sections were processed as described for immu-
nofluorescence, with deparaffinization and rehydration 
through graded ethanol solutions. Sections were stained 
with hematoxylin solution for 1 min, followed by washing 
with PBS. They were then stained with eosin for 2 min.

Scanning electron microscopy (SEM)
Freshly isolated cochleae were locally perfused through 
oval and round windows with 2.5% glutaraldehyde in 
phosphate buffer (0.1 M, pH 7.4) fixed overnight at 4℃. 
Cochlear surface of the adult mouse prepared as previ-
ously described [15]. Samples were fixed with 1% osmium 
solution for 1.5  h and rinsed with PBS. Samples were 
dehydrated through a graded series of ethanol (50%, 70%, 
90% and 100%) and dried by Critical Point Dryer CPD 
300 (Leica). Dried speciments were sputter coated with 
Pt-palladium (8 mA, 60s) by high vacuum ion sputtering 
apparatus (Quorum Q150T ES plus) and observed with a 
scanning electron microscope Nova Nano 450 (Thermo 
FEI) at 5kv.

Transmission electron microscopy (TEM)
Cochlear fixation and cochlear surface prepared as previ-
ously described in SEM. Sample prepared as previously 
described [16]. Electron photomicrographs were taken 
from ultrastructure of cells under a transmission electron 
microscopy (Hitachi, H-7650).

Western blot
Cells and Mouse cochleae were homogenized in RIPA 
buffer (Beyotime) containing 1mM complete protease 

Table 1  Antibody reagents list for experimental studies
Antibody Source Identifier
Rabbit monoclonal anti-β-Actin Abclonal Cat#AC038
Rabbit Polyclonal anti-POU3F4 Proteintech Cat#25114-1-AP
Mouse Monoclonal anti-TUJ1 Proteintech Cat# 66375-1-Ig
Rabbit Polyclonal anti-Myosin 
VIIa/MYO7A

Abcam Cat#ab150386

Rabbit polyclonal anti-NDUFA10 Abclonal Cat#A10123
Rabbit polyclonal anti-OPA1 Abclonal Cat#A9833
HRP-labeled goat anti-rabbit IgG Beyotime Cat#A0208
HRP-labeled goat anti-mouse 
IgG

Beyotime Cat#A0216

Rabbit monoclonal anti-CASP7 Cell Signaling Cat#12,827
Rabbit polyclonal anti-BCL-XL Cell Signaling Cat#2762
Mouse monoclonal anti-CYTC Proteintech Cat#66264-1-Ig
Mouse monoclonal anti-MFF Proteintech Cat#66527-1-Ig
Rabbit polyclonal anti-ATP5A1 Proteintech Cat#14676-1-AP
Rabbit polyclonal anti-BAD Proteintech Cat#10435-1-AP
Rabbit polyclonal anti-BAX Proteintech Cat#50599-2-Ig
Rabbit polyclonal anti-CASP3/
P17/P19

Proteintech Cat#19677-1-AP

Rabbit polyclonal anti-CASP9/
P35/P10

Proteintech Cat#10380-1-AP

Rabbit polyclonal anti-COX5A Proteintech Cat#11448-1-AP
Rabbit polyclonal anti-DRP1 Proteintech Cat#12957-1-AP
Rabbit polyclonal anti-FIS1 Proteintech Cat#10956-1-AP
Rabbit polyclonal anti-MFN1 Proteintech Cat#13798-1-AP
Rabbit polyclonal anti-MFN2 Proteintech Cat#12186-1-AP
Rabbit polyclonal anti-NDUFS1 Proteintech Cat#18443-1-AP
Rabbit polyclonal anti-SDHB Proteintech Cat#10620-1-AP
Rabbit polyclonal anti-UQCRFS1 Proteintech Cat#18443-1-AP
Alexa Fluor 488 goat anti-mouse 
IgG

Thermofisher Cat#A21202

Alexa Fluor 488 goat anti-rabbit 
IgG

Thermofisher Cat#A11008

Alexa Fluor 594 goat anti-rabbit 
IgG

Thermofisher Cat#A11012
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inhibitor cocktail (Selleckchem) and incubated for 30 min 
on ice. The lysates were cleared by centrifugation, and the 
total protein concentration was determined using a BCA 
assay kit (Beyotime) according to the manufacturer’s 
instructions. Protein samples were mixed with 5× SDS-
PAGE loading buffer and boiled at 95  °C for 5  min. A 
total of 25 µg protein was loaded onto 12% bis-Tris SDS-
polyacrylamide gels for electrophoresis. Proteins were 
transferred to PVDF membranes using a wet transfer sys-
tem. Membranes were blocked in PBST (PBS with 0.1% 
Tween-20) containing 5% dry milk and incubated with 
primary antibodies overnight at 4  °C. The primary anti-
bodies (listed in Table 1) were diluted in PBST containing 
5% BSA. After washing, membranes were incubated with 
HRP-conjugated secondary antibodies (Goat Anti-Mouse 
IgG(H + L) or Goat Anti-Rabbit IgG(H + L), Beyotime) for 
2  h at room temperature. Protein signals were detected 
using the ECL system (CWBIO).

Reverse transcription and quantitative PCR
Total RNA was extracted from the cell samples and 
cochlea samples using the FreeZol Reagent (Vazyme) 
according to the manufacturer’s instructions. The RNA 
concentration of the samples was determined using a 
NanoDrop2000 spectrophotometer (Thermo Fisher Sci-
entific). cDNA synthesis was performed using the HiS-
cript II Q Select RT SuperMix for qPCR(+ gDNA wiper)
(Vazyme). qPCR was performed with primers: F: ​G​C​A​G​
G​T​T​C​G​A​G​G​C​C​T​T​A​C​A​A, R: ​A​G​T​A​C​G​C​C​C​T​T​G​A​C​
A​C​T​C​A​C. Real-time PCR analysis was performed using 
Hieff qPCR SYBR Green Master Mix (Yeasen) in FQD-
96 A Real-Time PCR system instrument (Bioer) to deter-
mine the expression levels of genes. Data processing as 
previously described [17].

RNA sequencing (RNA-seq) analysis
Total RNA was extracted from the cochlea of 3 month 
old WT and Pou3f4KI mice using TRIzol reagent 
(Thermo Fisher) according to the manufacturer’s proto-
col. RNA quality was assessed using NanoDrop and Bio-
analyzer (Agilent), and samples with concentration > 50 
ng/µl, RIN > 7.0, and > 1  µg total RNA were used for 
library preparation. Poly(A) + mRNA was isolated using 
oligo(dT) magnetic beads (Thermo Fisher), fragmented 
with NEBNext® Magnesium RNA Fragmentation Module 
(NEB) at 94 °C for 5–7 min, and reverse transcribed into 
cDNA using SuperScript II Reverse Transcriptase (Invi-
trogen). cDNA libraries were prepared with the NEB-
Next® Ultra™ RNA Library Prep Kit for Illumina® (NEB) 
and amplified by PCR. The libraries were sequenced on 
an Illumina NovaSeq 6000 platform (LC Bio Technology) 
in paired-end mode (PE150). Raw data were processed 
to obtain clean reads, which were aligned to the mouse 
reference genome (Ensembl release 97) using TopHat 

(version 2.1.0). Differential gene expression was analyzed 
using Cufflinks (version 2.2.1).

Mitochondria isolation from mouse cochleae
Freshly dissected mouse cochleae were minced and 
resuspended in 6 volumes of mitochondria isolation 
buffer (75mM sucrose, 225mM D-mannitol, 30mM 
Tris-HCl, pH 7.4) supplemented with protease inhibitor 
cocktail and 1mM PMSF. The tissue was homogenized 
on ice using a Dounce homogenizer. The homogenate 
was centrifuged at 1000 rpm for 5 min at 4 °C twice, and 
the supernatant was collected. Following this, the super-
natant was centrifuged at 13,000 rpm for 15 min at 4 °C 
to pellet the mitochondria. The mitochondrial pellet was 
carefully resuspended in 100 µL of isolation buffer. The 
protein concentration of the isolated mitochondria was 
determined using the BCA protein assay. For further 
analysis, mitochondria were aliquoted at 400 µg per tube 
and stored at − 80 °C.

Blue-native PAGE analysis
For membrane protein extraction, mitochondria were 
resuspended in 20% digitonin (w/v) on ice for 20  min. 
After digitonin treatment, the sample was centrifuged at 
20,000 rpm for 20 min at 4 °C, and the supernatant was 
collected for further analysis. The protein concentration 
was again determined by the BCA assay. Samples con-
taining 30 µg of total mitochondrial proteins mixed were 
separated on 3–12% Bis-Tris Native PAGE gel. The com-
plex activity assays described previously [18]. Gels were 
scanned to visualize the activities of respiratory chain 
complexes. Detection of multiprotein complexes sub-
units by immunoblotting was performed as described 
previously [19].

Quantification and statistical analysis
All statistical analyses were performed using GraphPad 
Prism (version 9.00) for statistical analysis to compare 
outcomes using a two-tailed unpaired Student’s t test. p 
values of less than 0.05 were considered to be statistically 
significant.

Results
Clinical characterization
A Dongxiang nationality family (Fig.  1A) was identi-
fied through the infant hearing screening program at 
the Otology Clinic of Second Affiliated Hospital of Lan-
zhou University, China. The proband (III-1) exhibited 
profound sensorineural hearing loss by the age of 2, as 
confirmed by ABR and auditory steady-state response 
(ASSR) testing (Fig.  1B). III-2 was also affected, ini-
tially showing profound sensorineural hearing loss at 
six months of age. Interestingly, his hearing partially 
improved by the age of 1, with ABR and ASSR showing 
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mid-to-high frequency moderate sensorineural in the 
right ear and mixed hearing loss in the left ear, alongside 
profound bilateral low frequency sensorineural hear-
ing loss. However, his hearing deteriorated again by the 
age of 2.5, resulting in profound sensorineural hearing 
loss in the left ear and severe sensorineural hearing loss 
in the right ear (Fig. 1B). II-1 had profound sensorineu-
ral hearing loss in the left ear and low-to-mid frequency 
severe mix hearing loss in the right ear at the age of 30 
(Fig.  1C). I-1 experienced bilateral high-frequency sen-
sorineural deafness, considered age-related hearing loss 
(Fig.  1C). None of the family members exhibited other 
clinical abnormalities, such as muscular diseases, vision 
impairment, or neurological issues, nor had they been 

exposed to ototoxic drugs or excessive noise. High-res-
olution axial CT (HRCT) revealed distinct anatomical 
features. The proband (III-1) and III-2 exhibited dilation 
of the lateral ends of the internal auditory meatus, along 
with incomplete basal cochlear turns, also known as IP-3. 
By contrast, the HRCT of II-1 showed a widened inter-
nal auditory canal, while I-1 and II-2 displayed normal 
cochlear morphology (Fig. 1D).

Identification of the mutation of POU3F4 gene
Based on previous literature reports, we found that IP-3 
malformations are associated with POU3F4, so we per-
formed full-length sequencing of POU3F4 in the pro-
band (III-1). After performing full-length sequencing of 

Fig. 1  Clinical Characterization and Identification of POU3F4 p.E294G Mutation. (A) Pedigree chart of a Dongxiang nationality family affected by sen-
sorineural hearing loss. (B) Auditory brainstem response (ABR) and auditory steady-state response (ASSR) results showing the hearing loss profiles of 
the proband (III-1) and his brother (III-2). Progressive and fluctuating hearing loss patterns were noted in both individuals. (C) Audiometric profiles of 
family members, including the mother (II-1) and grandfather (I-1), indicating varying severities of hearing loss. (D) High-resolution axial CT scans reveal-
ing cochlear malformations, including dilated lateral ends of the internal auditory meatus and incomplete basal cochlear turns (IP-3) in affected family 
members. (E) Sanger sequencing confirms the presence of the novel POU3F4 p.E294G mutation (c.881 A > G) in hemizygous form in the proband and his 
brother and in heterozygous form in their mother. (F) Cross-species conservation analysis highlights the critical functional importance of the Glu residue 
at position 294 in the POU3F4 protein. (G) Predicted structural model of the POU3F4 p.E294G mutation illustrating the disruption of key hydrogen bonds 
in the POU-homeo domain, likely destabilizing its conformation
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POU3F4, we identified POU3F4 c.881 A > G mutation in 
the proband (III-1). Sanger sequencing revealed III-1 and 
III-2 had the hemizygous mutation. II-1 was a heterozy-
gous carrier, and I-1 and II-2 was unaffected (Fig.  1E). 
These results are consistent with the family cosegregation 
pattern. The glutamic acid (Glu) residue at position 294 
in the POU3F4 protein is highly conserved across multi-
ple species, including Homo sapiens, Mus musculus, and 
Pan troglodytes, among others, indicating its functional 
importance (Fig. 1F). Based on in silico predictions and 
population variant frequencies, the POU3F4 p.E294G 
mutation is likely pathogenic. Protein structure pre-
diction indicated that this mutation likely results in the 
substitution of Glu for glycine (Gly) at position 294, dis-
rupting hydrogen bonding with adjacent residues, such 
as K290 and L298, destabilizing the POU-homeo domain 
(Fig. 1G).

POU3F4 expression in immortalized lymphocyte lines
We constructed a family-derived immortalized lymphoid 
cell line (ILCL) by collecting peripheral blood from fam-
ily members (II-2, II-1, III-1 and III-2) to establish the 
WT, Het, Hemi1 and Hemi2 cell lines, respectively. To 
further evaluate the effect of c.881  A > G mutation on 
ILCL, we performed qPCR analysis of POU3F4 using 
total RNA isolated from WT, Het, Hemi1 and Hemi2 
as templates. As shown in Fig.  2A, the results revealed 
that the hemizygous mutation c.881 A > G affect the sta-
bility of POU3F4 mRNA and alter its transcription. We 

performed Western blot to assess the effect of POU3F4 
c.881 A > G mutation on ILCL differentiation. As shown 
in Fig.  2B and D, the results showed no significant 
changes in protein expression.

Mutation alters POU3F4 protein localization and 
expression
To experimentally test the predicted effect of the muta-
tion on POU3F4, we used p-EGFP-N1 as a vector, 
constructed POU3F4 wild-type (POU3F4-WT) and 
c.881  A > G mutation (POU3F4-MUT) binding site 
expression plasmids and transfected them and unloaded 
plasmid (Vector) into HEK293 cells. As shown in Fig-
ures 2C and E, the proteins were extracted and analyzed 
by Western blot. The results revealed that overexpression 
of c.881 A > G caused a loss of the POU3F4 protein.

To determine whether any of the pathogenic effects of 
mutations in this study are due to abnormal subcellular 
localization, we examined the subcellular localization 
of each mutant protein. Immunohistochemical staining 
revealed that the effect of POU3F4 c.881  A > G muta-
tion on subcellular localization (Fig.  2F). POU3F4-WT 
localized to the nucleus. However, in POU3F4-MUT, the 
majority of the POU3F4 protein was located in the cyto-
plasm. POU3F4 c.881  A < G affect the subcellular local-
ization of POU3F4 protein.

Fig. 2  Effects of c.881 A > G Mutation on POU3F4 Expression and Intracellular Localization. (A) qPCR analysis shows that the c.881 A > G mutation affects 
POU3F4 mRNA stability and transcription levels in immortalized lymphocyte lines (WT, Het, Hemi1, and Hemi2). (B, D) Western blot analysis reveals no 
significant changes in POU3F4 protein expression in the lymphocyte lines, suggesting that transcriptional changes may not directly impact protein levels 
under these conditions. (C, E) Transfection of HEK293 cells with WT or MUT POU3F4 constructs demonstrates that the c.881 A > G mutation leads to a sig-
nificant loss of POU3F4 protein expression. (F) Immunohistochemical staining shows a distinct subcellular localization of POU3F4. In POU3F4-WT, POU3F4 
predominantly localizes to the nucleus, while in POU3F4-MUT, it is mislocalized to the cytoplasm, indicating that the c.881 A > G mutation disrupts normal 
nuclear targeting of the protein
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Generation and characterization of Pou3f4KI mice
To investigate the role of the POU3F4 p.E294G mutation 
in auditory dysfunction, we generated Pou3f4KI mice 
using CRISPR/Cas9 in the CBA/6J genetic background. 
The gRNA targeting the Pou3f4 gene was designed to 
introduce the p.E294G mutation, along with two syn-
onymous mutations at p.L293 and p.L298. Following the 
injection of gRNA, donor oligonucleotides, and Cas9 into 
fertilized mouse eggs, founder animals were identified 
via PCR and Sanger sequencing, confirming successful 
incorporation of the mutation (Supplement Fig.  1A and 
B).

Expression analysis of Pou3f4 in mice model
To further characterize the impact of the mutation on 
Pou3f4 expression, we performed RT-qPCR and Western 
blot analysis on cochlear tissues. The RT-qPCR results 
indicated a 60% reduction in Pou3f4 mRNA levels in 
Pou3f4KI mice compared to WT controls (p < 0.001, 
Fig.  3A). Similarly, Western blot analysis revealed a sig-
nificant 70% decrease in POU3F4 protein levels in the 
cochlea of Pou3f4KI mice at P28 (p < 0.0001, Fig. 3B and 
C).

Auditory function assessment in Pou3f4KI mice
Auditory function was evaluated using ABR testing at 
postnatal days 14, 28, and 84 (P14, P28, and P84). At P14, 
all Pou3f4KI mice exhibited undetectable hearing, indi-
cating delayed auditory development compared to WT 
controls. At P28, a small subset of Pou3f4KI mice showed 
minimal hearing improvement, with slightly lower ABR 
thresholds. However, by P84, all mutants exhibited sig-
nificantly elevated ABR thresholds, which eventually pro-
gressed to complete hearing loss (Fig. 3D and E F). These 
findings reflect variability in auditory phenotypes, con-
sistent with the clinical heterogeneity observed in human 
cases of the POU3F4 p.E294G mutation. Alteration in 
Morphology of the Cochlea in Pou3f4KI Mice.

HE staining of mid-modiolar cochlear sections 
revealed several dysplastic features in the cochleae of 
Pou3f4KI mice. Notable malformations observed in the 
cochlea included hypoplasia of the modiolus, reduction 
in the size of the tympanic scala, and apparent cell loss 
in the stria vascularis, spiral ligament, and spiral limbus 
(Fig. 4A).

SEM images revealed notable morphological changes 
in the cochlea of Pou3f4KI mice. The stereocilia of outer 
hair cells showed transposition, with a reduction in the 
number of outer hair cells and inner hair cells, as well as 
the interconnecting filamentous bridges. Additionally, 

Fig. 3  Generation and Characterization of Pou3f4KI Mice with p.E294G Mutation. (A-C) Expression analysis in Pou3f4KI mice: RT-qPCR reveals a 60% 
reduction in Pou3f4 mRNA levels, and Western blot shows a 70% decrease in POU3F4 protein levels in cochlear tissues compared to WT controls, confirm-
ing the impact of the p.E294G mutation. (D-F) Auditory brainstem response (ABR) testing indicates delayed auditory development at P14, partial hearing 
recovery at P28, and progressive hearing loss culminating in complete deafness by P84 in Pou3f4KI mice
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the stereocilia of both outer and inner hair cells appeared 
dislodged (Fig. 4B).

TEM images demonstrated that most of the mitochon-
dria in the spiral ganglion neurons (SGNs) and myelin-
ated fibers were abnormal. These abnormalities included 
swollen and deformed mitochondria, characterized by 
the loss of membranes and inner cristae (Fig. 4C).

Loss of SGNs and hair cells in Pou3f4KI cochleae
Immunostaining for Tuj1 and MYO7A revealed a signifi-
cant reduction in both SGNs and hair cells in Pou3f4KI 
mice compared to WT controls. Specifically, Tuj1 stain-
ing demonstrated a reduction of approximately 70% in 
relative integrated optical density (IOD) in the basilar 
membrane (p < 0.0001, Figures S1C and S1D) and an 
overall decrease in SGNs throughout the cochlea, with 
IHC for Tuj1 further confirming a nearly 50% decrease 
in relative IOD (p < 0.0001, Fig.  4D and E). MYO7A, 
a marker for hair cells, showed a marked decrease in 
expression in the organ of Corti in Pou3f4KI cochleae, 
with the relative IOD reduced by approximately 79% 
(p = 0.0018, Fig.  4F and G). These results indicate that 

the Pou3f4 mutation leads to a loss of both hair cells and 
SGNs, particularly in regions critical for cochlear func-
tion, such as the basilar membrane.

Transcriptome changes of the cochlea in Pou3f4KI mice
To investigate the effects of Pou3f4 mutations on cochlear 
gene expression, RNA-seq was performed on cochlear 
samples from Pou3f4KI and WT mice. A total of 3,279 
differentially expressed genes (DEGs) were identified 
with criteria of FDR ≤ 0.05 and|log2FC| ≥ 1. Among these, 
1,650 genes were upregulated and 1,629 were downregu-
lated in Pou3f4KI mice compared to WT controls. The 
results are presented in a volcano plot (Fig. 5A).

Gene set enrichment analysis (GSEA) revealed sig-
nificant alterations in multiple biological pathways in 
Pou3f4KI mice compared to WT controls. Gene Ontol-
ogy (GO) enrichment analysis showed that biological 
processes, including apoptosis and calcium signaling, 
were up-regulated, whereas pathways related to the mito-
chondrial function were down-regulated (Fig. 5B). Simi-
lar changes were found in Kyoto Encyclopedia of Genes 
and Genomes (KEGG) enrichment analysis (Fig.  5C). 

Fig. 4  Cochlear Structural and Cellular Abnormalities in Pou3f4KI Mice. (A) Hematoxylin and eosin (HE) staining highlights cochlear malformations, in-
cluding modiolus hypoplasia, reduced tympanic scala size, and cell loss in the stria vascularis, spiral ligament, and spiral limbus. (B) Scanning electron mi-
croscopy (SEM) images show morphological abnormalities, including dislodged stereocilia and reduced numbers of both inner and outer hair cells with 
disrupted interconnecting bridges. (C) Transmission electron microscopy (TEM) demonstrates mitochondrial abnormalities in spiral ganglion neurons 
(SGNs) and myelinated fibers, including swelling, deformation, and loss of membranes and cristae. (D-G) Immunostaining for Tuj1 and MYO7A reveals 
significant reductions in SGNs (70%) and hair cells (79%) in Pou3f4KI mice compared to WT, particularly in critical regions such as the basilar membrane
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Fig. 5  Investigation of Pou3f4-Regulated Pathways and Transcriptomic Alterations. (A) Volcano plot from RNA-seq identifies 3,279 differentially expressed 
genes (DEGs) in Pou3f4KI cochlear samples, with 1,650 upregulated and 1,629 downregulated genes compared to WT. (B, C) Gene set enrichment analy-
sis (GSEA) shows upregulated pathways related to apoptosis and calcium signaling, while pathways for mitochondrial oxidative phosphorylation are 
downregulated. (D) Heatmap highlights the differential expression of mitochondrial genes, with significant downregulation of key components involved 
in oxidative phosphorylation. (E) POU3F4 shares the conserved DNA-binding motif “TATGCAAT” with POU2F1 and POU5F1. (F) CHIP-seq data reveal sig-
nificant POU2F1 and POU5F1 binding peaks at the TFAM promoter, suggesting potential regulatory roles. (G, H) Western blot analysis shows a significant 
reduction (54%, p = 0.0028) in TFAM protein levels in cochlear samples from Pou3f4KI mice compared to WT. (I, J) Overexpression of WT-POU3F4 in HEK293 
cells increases TFAM levels, while the c.881 A > G mutant fails to enhance TFAM expression, indicating disrupted regulatory function
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Among the mitochondrial genes, 13 genes were upregu-
lated and 121 were downregulated in Pou3f4KI mice 
compared to WT controls. The results are presented in a 
heatmap (Fig. 5D).

Investigating POU3F4-regulated pathways via POU2F1 and 
POU5F1 CHIP-seq
Considering mitochondrial abnormalities observed 
in Pou3f4KI mice via TEM and downregulated mito-
chondrial pathways revealed by transcriptomic data, we 
investigated POU3F4’s impact on mitochondrial func-
tion. POU2F1, POU5F1 and POU3F4 share a conserved 
DNA-binding motif, “​T​A​T​G​C​A​A​T” (Fig. 5E) [20]. ChIP-
seq data for POU2F1 and POU5F1, obtained from the 
ENCODE database [21], allowed us to perform an in-
depth regulatory analysis. ChIP-seq revealed a prominent 
POU2F1 and POU5F1 binding peak within the TFAM 
promoter, suggesting that these transcription factors 
may regulate TFAM expression (Fig.  5F). To investigate 
whether TFAM is influenced by POU3F4, we performed 
Western blot analysis to measure TFAM protein levels 
in cochlear samples from WT and Pou3f4KI mice. The 
TFAM levels in Pou3f4KI cochleae were reduced to 54% 
(p = 0.0028) of those in WT cochleae (Fig. 5G and H). In 
HEK293 cells, TFAM expression levels were 11.2% higher 
in the POU3F4-WT group compared to the untrans-
fected HEK293 group (p = 0.0023) and 40% higher than 
in the Vector group (p = 0.0152). In contrast, TFAM 
expression was 19.2% lower in the POU3F4-WT group 
compared to the POU3F4-MUT group (p = 0.0417). No 
significant differences were observed in TFAM expres-
sion among untransfected HEK293 cells, Vector and 
POU3F4-MUT groups. (Figure 5I and J).

Reduced levels of nDNA- and mtDNA-encoded 
mitochondrial OXPHOS proteins
To evaluate the impact of the Pou3f4 c.881 A > G muta-
tion on mitochondrial OXPHOS proteins, Western blot 
analysis was performed to quantify the levels of 19 sub-
units from OXPHOS complexes in the cochleae of WT 
and Pou3f4KI mice. The analysis showed significant 
reductions in 16 out of 19 mitochondrial proteins in 
Pou3f4KI mice, compared to WT mice. Specifically, lev-
els of ND1, ND3, ND5, ND6, CYTB, CO1, ATP6, ATP8, 
NDUFS1, NDUFA8, NDUFA10, NDUFA11, UQCRFS1, 
and COX5A in Pou3f4KI cochleae were reduced to 40%, 
68%, 47%, 67%, 52%, 73%, 52%, 26%, 60%, 61%, 72%, 60%, 
51%, and 54% of those in WT cochleae, respectively. 
However, the levels of CO2, SDHA, SDHB, UQCRH and 
ATP5A1 remained unchanged between the two groups 
(Fig. 6A, B and C).

Reduction of the activity and assembly of mitochondrial 
complexes
OXPHOS complex assembly and activity were analyzed 
using blue native polyacrylamide gel electrophoresis (BN-
PAGE) and Western blot. Impaired assembly of com-
plexes I, III, IV, and V was observed in Pou3f4KI cochleae 
compared to WT controls. Quantitative analysis showed 
significant reductions in the levels of complexes I, III, IV, 
and V, which were reduced to approximately 57%, 54%, 
74%, and 43% of WT levels, respectively, while complex 
II levels remained unchanged (Fig.  6D and E). Consis-
tently, in-gel activity assays revealed impaired activities of 
complexes I, IV, and V, showing reductions of 37%, 17%, 
and 54%, respectively, compared to WT, with complex II 
activity showing no detectable changes (Fig. 6F and J).

Significant reduction of ATP levels in Pou3f4KI cochleae
The ATP levels in the cochleae of Pou3f4KI mice were 
significantly reduced compared to WT mice, showing a 
74% decrease (Fig.  6H). This reduction indicates a sub-
stantial impairment in cochlear energy metabolism in 
Pou3f4KI mice.

Enhanced the production of mitochondrial ROS
To further assess whether the Pou3f4 c.881 A > G muta-
tion-induced mitochondrial ROS production affected the 
antioxidant systems, we examined the levels of SOD2, 
SOD1 and CATALASE in cochlea of the Pou3f4KI mice. 
As shown in Fig. 7A and B, the cochleae of Pou3f4KI mice 
revealed marked increases in the levels of CATALASE 
(180%), SOD1 (140%) and SOD2 (127%), respectively.

Imbalanced mitochondrial dynamics
To evaluate whether the Pou3f4 c.881  A > G mutation 
affected the mitochondrial dynamics, we examined mito-
chondrial fission and fusion in the cochleae of Pou3f4KI 
mice and WT mice by Western blot analyses. As shown 
in Fig.  7C and D, the levels of three fusion-related pro-
teins (MFN1, MFN2, and OPA1) and three fission-
related proteins (DRP1, FIS1, and MFF) in cochlea of the 
Pou3f4KI mice and WT mice were assessed by Western 
blot analysis. The average level of DRP1, FIS1, and MFF 
in cochlea of Pou3f4KI mice were 221%, 154%, and 242% 
of the average values measured in cochlea of WT mice, 
respectively. In contrast, the average level of OPA1 in 
cochlea of Pou3f4KI mice were 38% of the mean values 
measured in cochlea of WT mice. However, the average 
level of MFN1 and MFN2 in the cochlea of Pou3f4KI 
mice were comparable to those in WT mice.

Increased apoptosis in Pou3f4KI mice cochleae
TUNEL staining revealed a significant increase in apop-
totic cells in the cochleae of Pou3f4KI mice compared to 
WT controls. The relative IOD of TUNEL-positive cells 
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in Pou3f4KI cochleae was approximately 3.1 times higher 
than in WT (p = 0.0008, Fig. 7E and F). This increase in 
apoptosis was predominantly localized to the SGNs, hair 
cells, spiral ligament, spiral limbus, modiolus, striae vas-
culosa and basilar membrane.

Mitochondrial fission machinery actively partici-
pates in the process of intrinsic apoptosis. To examine 
the impact of Pou3f4 c.881  A > G mutation-induced fis-
sion on apoptosis, we performed Western blot assays. 
We assessed the levels of two apoptosis inhibited pro-
tein (BCL-XL, BCL-2) and seven activated proteins 
(Cytochrome C, BAD, BAX, CASPASES3, 7 and 9, and 
C-CASPASE9) in the cochleae of Pou3f4KI and WT 

mice by Western blot analysis. As shown in Fig.  7J and 
H, the average levels of BCL-XL, BCL-2, Cytochrome 
C, BAD, BAX, CASPASES 3, 7 and 9, and C-CASPASE9 
in the cochlea of Pou3f4KI mice were 63%, 66%, 159%, 
178%, 178%, 121%, 199%, 139% and 182% of the mean 
values measured in WT mice, respectively. These results 
strongly indicated that the Pou3f4 c.881 A > G mutation 
promoted apoptotic process.

Discussion
This study identifies a novel POU3F4 p.E294G muta-
tion that significantly impacts cochlear development and 
hearing function. By integrating clinical observations, 

Fig. 6  Mitochondrial OXPHOS Protein Defects and Energy Imbalance (A, B) Western blot analysis of mitochondrial OXPHOS proteins shows significant 
reductions in 16 out of 20 subunits in Pou3f4KI cochleae, affecting complexes I, III, IV, and V, while levels of complexes II subunits remain unchanged. (D, 
E) Blue native PAGE (BN-PAGE) reveals impaired assembly of OXPHOS complexes I, III, IV, and V, with assembly reduced to 57%, 54%, 74%, and 43%, re-
spectively, compared to WT. (F, J) In-gel activity assays confirm functional defects in complexes I, IV, and V, with activity reductions to 63%, 83%, and 46%, 
respectively. (H) ATP quantification reveals a 67.5% reduction in ATP levels in Pou3f4KI cochleae compared to WT, indicating severe energy metabolism 
disruption
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genetic analysis, cell models and animal models, we pro-
vide insights into the molecular mechanisms underlying 
POU3F4-related hearing loss. POU3F4 mutations are 
well-established contributors to X-linked non-syndromic 
hearing loss (DFNX2) [7], and this newly discovered 
mutation expands the phenotypic and genotypic spec-
trum of POU3F4-related hearing loss. The mutation 
resides within the highly conserved POU-homeo domain, 
a critical region for DNA binding and transcriptional 
regulation, underscoring its essential role in cochlear 
development.

Patient III-2 exhibited fluctuating hearing loss, con-
trasting with the typically progressive patterns observed 
in POU3F4 mutations, such as the p.E294fs frameshift 
mutation described by Kandula et al., where the patient 
exhibited gradual worsening of mixed hearing loss [22]. 
The variability observed in III-2 could be influenced by 
multiple factors, including genetic modifiers and early 
compensatory mechanisms, which previous studies sug-
gest contribute to intrafamilial and interfamilial differ-
ences in hearing loss severity among POU3F4 mutation 
carriers [23]. Notably, patient III-2’s early and continuous 

monitoring captured these changes, emphasizing the 
importance of systematic hearing screening for timely 
intervention and a better understanding of hearing loss 
progression in POU3F4 mutation cases. Interestingly, 
some Pou3f4KI mice also exhibited comparable fluctua-
tions in hearing ability.

The p.E294G mutation impacts the POU-homeo 
domain, a critical region for DNA binding and cochlear 
development regulation. Structural analysis indicates that 
the substitution of glutamic acid to glycine at position 
294 disrupts essential hydrogen bonds, potentially desta-
bilizing this vital domain. This structural impairment may 
compromise the overall stability of the POU3F4 protein, 
further affecting its function in cochlear development.

In the family-derived immortalized lymphocyte cell 
lines we constructed, the c.881  A > G mutation signifi-
cantly affected the stability and transcriptional levels of 
POU3F4 mRNA. However, POU3F4 protein expres-
sion in the mutant cell lines (Hemi1, Hemi2) showed 
no significant changes, likely due to the inherently low 
expression of POU3F4 in lymphocyte cell lines. Fur-
ther investigation revealed that the mutation altered the 

Fig. 7  ROS Accumulation, Mitochondrial Dynamics, and Apoptosis. (A, B) Elevated levels of antioxidant enzymes (CATALASE, SOD1, and SOD2) in Pou3f-
4KI cochleae reflect increased mitochondrial ROS production due to the mutation. (C, D) Imbalanced mitochondrial dynamics show elevated fission-re-
lated proteins (DRP1, FIS1, MFF) and significantly reduced fusion-related protein (OPA1), suggesting excessive mitochondrial fission. (E, F) TUNEL staining 
shows a 3.1-fold increase in apoptotic cells in Pou3f4KI cochleae, predominantly in the spiral ligament, spiral limbus, modiolus, and basilar membrane. 
(H, J) Western blot analysis of apoptosis-related proteins demonstrates upregulated pro-apoptotic markers (CYTC, BAD, BAX, cleaved CASPASE9) and 
downregulated anti-apoptotic proteins (BCL-2, BCL-XL), strongly implicating the Pou3f4 mutation in apoptosis activation
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subcellular localization of the POU3F4 protein, with 
POU3F4-MUT predominantly shifting from the nucleus 
to the cytoplasm, which may impact its function. Nor-
mally, POU3F4 plays a crucial role in the nucleus, and 
this mislocalization may interfere with its functionality.

Several studies have investigated the impact of 
POU3F4 mutations on its subcellular localization. 
It has been found that missense mutations, such as 
p.T211M and p.Q229R, affect the transcriptional activ-
ity of POU3F4 but do not significantly alter its subcel-
lular localization. In contrast, frameshift mutations 
(such as p.Thr354Glnfs115, p.Leu317Phefs12, and 
p.Ile285Argfs43) and nonsense mutations (such as 
p.C327*) result in the majority of POU3F4 being local-
ized to the cytoplasm, indicating a disruption of nuclear 
localization [24–26]. Our study identifies the missense 
mutation p.E294G, which impairs both the stability and 
nuclear localization of POU3F4, shedding new light on 
its role in hearing development and subcellular local-
ization mechanisms. In the Pou3f4KI mouse model, we 
observed a significant reduction in Pou3f4 expression 
in the cochlea, which is linked to hearing impairment. 
Unlike most existing studies that focus on KO mice, our 
study is the first to use a p.E294G KI model, retaining 
partial POU3F4 function. This model better simulates 
human pathology and reveals novel phenotypic differ-
ences, including fluctuating hearing loss and mitochon-
drial dysfunction, which are not seen in KO models. This 
model better simulates human pathology and reveals 
novel phenotypic differences, including fluctuating hear-
ing loss and mitochondrial dysfunction, which are not 
seen in KO models. These findings suggest that p.E294G 
may contribute to hearing loss via mechanisms distinct 
from complete loss of POU3F4. Taken together, the 
POU3F4 c.881 A > G mutation likely causes developmen-
tal abnormalities linked to hearing impairment by affect-
ing the stability and subcellular localization of POU3F4 
at the molecular level.

Histological analyses indicated significant dysplastic 
features, including hypoplasia of the modiolus, reduced 
tympanic scala size, and considerable cell loss in the stria 
vascularis, spiral ligament, and spiral limbus. These mal-
formations are consistent with previous reports [27, 28].

Our study expands the understanding of POU3F4 
mutation effects by revealing significant reductions in 
both SGNs and hair cells in Pou3f4KI mice. This sug-
gests that the POU3F4 mutation contributes to auditory 
deficits by impairing key cell populations essential for 
cochlear function. Brooks et al. previously reported that 
the absence of POU3F4 leads to significant SGN loss 
[29]. Additionally, POU3F4 has been shown to support 
cochlear structural integrity, neuronal development, and 
connectivity [10, 11].

Interestingly, our study documented hair cell loss, 
which contrasts with previous knockout model studies. 
This discrepancy may reflect distinct phenotypic out-
comes in the Pou3f4KI model. SEM analysis revealed 
notable cochlear morphological changes, including ste-
reocilia misalignment in outer hair cells, significant loss 
of inner and outer hair cells, and disrupted filamentous 
bridges. TEM analysis further showed mitochondrial 
abnormalities in SGNs and myelinated fibers, such as 
swelling, deformation, and loss of cristae and mem-
branes. Similarly, Minowa et al. reported mitochondrial 
defects in Pou3f4KO mice [30]. These findings suggest 
that Pou3f4 mutations disrupt mitochondrial function, 
potentially compromising cell survival and cochlear 
integrity.

To further investigate the molecular mechanisms 
underlying hearing loss, reduced hair cells, SGNs, and 
mitochondrial dysfunction caused by POU3F4, we 
focused on that POU3F4, POU2F1, and POU5F1 belong 
to the POU transcription factor family and share the 
conserved DNA-binding motif “​T​A​T​G​C​A​A​T”. Using 
CHIP-seq data from the ENCODE database, we observed 
prominent binding peaks of POU2F1 and POU5F1 
within the TFAM promoter region, suggesting that these 
transcription factors may regulate TFAM expression and 
subsequently influence mitochondrial function. Based 
on this, we examined the impact of POU3F4 on TFAM 
expression. In Pou3f4KI mice, TFAM expression was 
significantly reduced, indicating that the POU3F4 muta-
tion may impair mitochondrial function by down-regu-
lating TFAM expression. Furthermore, overexpression 
of POU3F4 (WT) in HEK293 cells led to a significant 
increase in TFAM expression, suggesting a potential 
regulatory relationship between POU3F4 and mitochon-
drial function. As a critical factor linking the nucleus and 
mitochondria, TFAM is transcribed in the nucleus but 
functions within mitochondria to regulate the expres-
sion of mtDNA-encoded genes [31, 32]. These findings 
suggest that POU3F4 influences mitochondrial activity 
by regulating TFAM expression, thereby affecting mito-
chondrial biogenesis and function.

To further explore the molecular mechanism of 
POU3F4 in cochlear function, we performed RNA 
sequencing on cochlear samples from Pou3f4KI and WT 
mice. We observed significant downregulation of mito-
chondrial-related pathways, alongside upregulation of 
calcium signaling and apoptosis pathways in the cochlea 
of Pou3f4KI mice. These findings suggest that POU3F4 
mutations may contribute to hearing impairment by 
modulating mitochondrial function, calcium ion con-
centration, and apoptosis, which can lead to cochlear cell 
damage and dysfunction.

To further investigate the impact of Pou3f4 mutations 
on mitochondrial function, we performed Western blot, 



Page 14 of 16Dang et al. Cell Communication and Signaling          (2025) 23:121 

BN-PAGE, and in-gel activity assays in the cochlea of 
Pou3f4KI mice. These analyses revealed a significant 
reduction in mitochondrial protein levels, assembly 
defects, and dysfunction of OXPHOS complexes. These 
defects, particularly in complexes I and IV, likely contrib-
ute to mitochondrial dysfunction in cochlear cells. More-
over, activity assays revealed significant decreases in the 
activity of OXPHOS complexes I, IV, and V. It further 
revealed that Pou3f4 mutations disrupt both the assem-
bly and functional activity of these complexes. This aligns 
with our RNA-seq data, which also indicated downregu-
lation of mitochondrial-related pathways in Pou3f4KI 
mice, providing a comprehensive view of the molecular 
mechanisms underlying cochlear dysfunction.

The significant decrease in ATP levels suggests that 
Pou3f4 mutations directly affect mitochondrial energy 
metabolism. Mitochondria are the primary site of ATP 
synthesis, and energy metabolism disorders are often 
associated with impaired oxidative phosphorylation due 
to defects in the assembly and activity of OXPHOS com-
plexes I, III, IV, and V [33, 34].

Increased ROS production is typical of mitochon-
drial dysfunction. POU3F4 is not expressed in hair cells, 
yet apoptosis was observed in hair cells. It has been 
reported that the survival of hair cells in the organ of 
Corti depends on the normal morphology and function 
of the StV [35]. Thus, Pou3f4 mutations leads to StV dys-
function [28], which in turn leads to subsequent apopto-
sis of hair cells. Elevated ROS production can increase 
a vicious cycle of oxidative stress in the mitochondria, 
thereby worsening the damage to mitochondrial and cel-
lular proteins, lipids, and nuclear acids [36].

The imbalance of mitochondrial dynamics was par-
ticularly significant in Pou3f4KI mice. These strongly 
indicated that the POU3F4 c.881  A > G mutation regu-
lated mitochondrial dynamics by promoting fission. The 
increase of mitochondrial division leads to a decrease 
in the ability of cells to cope with damage, especially 
in high-metabolic tissues such as the cochlea, and the 
imbalance of mitochondrial division will directly affect 
energy supply and cell survival [37].

Our findings provide strong evidence that the POU3F4 
c.881  A > G mutation induces significant cochlear cell 
apoptosis, particularly in the spiral ligament, spiral lim-
bus, modiolus, and basilar membrane. This apoptotic 
cascade appears to be closely linked to mitochondrial 
dysfunction [38]. We observed a marked increase in 
mitochondrial fission, indicative of mitochondrial frag-
mentation, which is a key event in the initiation of intrin-
sic apoptosis [39]. Mitochondrial fragmentation is often 
accompanied by the release of pro-apoptotic factors such 
as Cytochrome C [40], which was significantly elevated in 
Pou3f4KI cochleae. These c.881 A > G mutation-induced 
alterations may lead to damaged or deficient inner ear 

cells that are particularly vulnerable to neurodegenera-
tion related to oxidative phosphorylation, thereby con-
tributing to the development of hearing loss [41, 42].

In summary, we demonstrated that POU3F4 mutations 
impair cochlear mitochondrial function by reducing 
TFAM expression, leading to increased ROS produc-
tion and enhanced mitochondrial fission. These changes 
ultimately result in apoptosis in key cochlear regions, 
including the spiral ganglion, hair cells, spiral ligament, 
spiral limbus, stria vascularis (StV), and basilar mem-
brane. This study provides critical experimental evidence 
for understanding the mechanisms of POU3F4-related 
hearing loss.

Further research is required to identify additional 
direct target genes regulated by POU3F4 and to elucidate 
its precise functional network in cochlear development 
and physiology. Although this study integrates clinical 
cases, cell models, and KI mice to systematically analyze 
the p.E294G mutation, the limited number of familial 
cases prevents us from fully exploring the role of poten-
tial modifier genes that may influence the phenotype. 
Additionally, differences in cochlear structures between 
mice and humans suggest that the role of POU3F4 may 
vary across species. Moreover, future studies will focus 
on investigating strategies to restore mitochondrial 
function, including pharmacological and genetic inter-
ventions. These efforts are part of our ongoing work to 
provide a stronger theoretical basis and practical strate-
gies for the treatment of POU3F4-related hearing loss. 
Expanding patient cohorts and integrating human iPSC-
derived cochlear organoids will be essential to further 
clarify the impact of the p.E294G mutation on human 
cochlear development.

Conclusion
Our study demonstrates that the Pou3f4 mutation leads 
to reduced Tfam expression, resulting in mitochondrial 
dysfunction, increased ROS production, and enhanced 
mitochondrial fission. These changes ultimately contrib-
ute to elevated apoptosis within the cochlea.
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