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stress in the pathogenesis of SNHL.

The cochlea is a high-fidelity
auditory organ

The cochlea is a complex sensory organ
that converts sound into meaningful audi-
tory signals in a frequency- and intensi-
ty-dependent manner (1). It consists of
three fluid-filled compartments — the scala
vestibuli, scala media, and scala tympani —
arranged around the bony modiolus. This
design enables the cochlea to process sound
with exceptional precision. The organ of
Corti, is at the core of cochlear function.
It is bathed with scala media and harbors
two types of sensory cells — inner hair
cells (IHCs) and outer hair cells (OHCs).
Hair cells and their mechanosensitive ste-
reocilia, along with other supporting struc-
tures such as the stria vascularis, tectorial
membrane, and Reisner’s membrane, are
all critical for hearing. Like all highly com-
plex, high-fidelity instruments, the cochlea
is vulnerable to both intrinsic and extrinsic
factors, which can lead to temporary or per-
manent functional impairment. Therefore,

Sensorineural hearing loss (SNHL) is the most prevalent form of permanent
hearing impairment, arising from factors such as aging, exposure to loud
noise, disease, ototoxic medications, and genetic mutations. Despite
extensive research, effective treatments or cures for SNHL remain elusive.
In this issue of the JCI, Lee et al. reveal a link between mutations in ATF6
and SNHL in patients with achromatopsia. The study also shows that Atf6-
deficient (Atf67-) mice exhibit disorganized stereocilia and age-related loss
of outer hair cells. Additionally, the researchers show that Atf6 is critical
for cochlear hair cell function. Mice lacking Atfé expression experienced ER
stress, which ultimately led to SNHL. Collectively, these findings enhance
our understanding of the emerging role of protein homeostasis and ER

cellular systems essential for maintaining
cell health, function, and survival are cru-
cial in complex organs like the cochlea to
support hearing.

Mutations in ATF6 cause
deafness-blindness syndrome
In this issue of the JCI, Lee and co-authors
initially sought to explore whether patients
lacking functional activating transcription
factor 6 (ATF6) had any disorders beyond
vision loss (2). ATF6 is a key transcription
factor for maintaining ER function and
protein homeostasis and is important for
inducing the unfolded protein response
(UPR) (3). Previous evidence shows that
people carrying loss-of-function ATF6 dis-
ease alleles have congenital vision loss,
achromatopsia, and cone-rod dystrophy
(4, 5). Notably, the authors now report that
patients carrying the c.970C > T ATF6 vari-
ant also have hearing loss. Using pure tone
audiometry tests, the authors showed that
the hearing loss was progressive and binau-
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ral, suggesting patients have more difficulty
in hearing from both ears at middle age.
Thus, seeing that the patients present with
both blindness and deafness, individuals
with ATF6 mutations can now be classified
under the syndromic hearing loss category.
The most studied and frequent cause of
heredity deafness-blindness remains Usher
syndrome (US), which is caused by muta-
tions in multiple genes, including MYO74,
USHIC, CDH23, PCDH15, and SANS (type
1); USH2A, ADGRV1, and WHRN (type
2); and CLRNI (type 3). Notably, CDH23
and PCDH15 proteins play essential roles
in maintaining stereocilia bundle organiza-
tion (6-10). It was reported that mutations
in CIB2, which encodes a calcium-binding
protein, are also associated with US (11).
However, biallelic loss-of-function variants
in CIB2 cause recessive, nonsyndromic
hearing loss but not US (12). The implica-
tion is that the phenotype resulting from
the ATF6 mutation closely resembles that
of US, showing similar clinical or physi-
ological characteristics. However, despite
these phenotypic similarities, the underly-
ing molecular or cellular mechanisms driv-
ing the ATF6 mutation phenotype differ
fundamentally from those involved in US,
suggesting a somewhat distinct pathophysi-
ological process.

Impaired proteostasis as a
critical link in sensorineural
hearing loss

Sensorineural hearing loss (SNHL) encom-
passes any form of hearing loss resulting
from damage to the cochlea, auditory
nerve, or central auditory system. It is the
most prevalent congenital sensory disorder
and is classified into genetic and acquired
forms. Genetic SNHL is further divided
into nonsyndromic (70%) and syndromic
(30%) types. Nonsyndromic hearing loss
occurs in isolation, without any addition-
al symptoms or disabilities. In contrast,
syndromic hearing loss is characterized by
additional symptoms that affect other parts
of the body. Noise-induced hearing loss
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Figure 1. A deafness-blindness syndrome results from ATF6-mediated disruption of the UPR, leading to altered hair cell stereocilia and cell death. In
human and mouse cochleae lacking expression of ATF6, OHC dysfunction and death occur, with hearing loss progressively worsening in middle age. In the
absence of Atf6 expression in mice, genes involved in ER stress, the UPR, and actin filaments (e.g., stereocilia) are dysregulated. ATF6 loss results in acti-
vation of the UPR and upregulation of genes involved in the ERAD pathway. These findings suggest that the human and mouse phenotypes are linked to
compromised cochlear proteostasis. However, the exact mechanism connecting altered gene expression, stereocilia deformation, and OHC death remains

unclear. IRE1, inositol-requiring enzyme 1.

(NIHL) is a major cause of SNHL in adults,
with an estimated 16% of cases worldwide
resulting from occupational exposure (13).
The interplay between genetic factors and
environmental conditions can contribute to
the development of NIHL. A set of genes
associated with the predisposition to NIHL
susceptibility have been identified and are
involved in oxidative stress, stereocilia, pro-
tein folding, ion homeostasis, DNA repair,
apoptosis, and others. Lee and co-authors
provide compelling evidence that mice lack-
ing Atf6 expression have a substantial induc-
tion of the UPR, especially the PRK-like
ER kinase (PERK) arm, since several ATF6
target genes are altered, including Hsp90b1,
which is involved in the ER-associated pro-
tein degradation (ERAD) pathway (2).

The regulation of protein homeostasis,
or “proteostasis,” refers to the processes by
which cells maintain the proper balance
of protein synthesis, folding, and degrada-
tion. The proteostasis network, comprising
the proteins responsible for maintaining
proteostasis, is crucial for ensuring cellular
function and health (14). Proteotoxicity is
the disruption of proteostasis, which occurs
as a result of a variety of factors such as

:

translational errors, protein misfolding, or
protein damage. The imbalance in protein
quality control mechanisms can lead to the
accumulation of damaged or misfolded pro-
teins, which can impair cellular function,
promote cellular stress and aging, and con-
tribute to many disorders, including neuro-
degeneration and hearing loss (15-20).
Notably, exposure to loud noise caus-
ing hearing loss severely unbalances the
cochlear proteome by causing hundreds of
proteins to accumulate (21). This process,
in turn, activates the proteostasis network
by increasing the expression of heat shock
protein (HSP) chaperones (22), including the
cytosolic HSPs Hsp90aal and Hsp90abl,
as well as Hsp90b1, which localizes to the
ER (23). Aging is another key factor in the
development of SNHL. Age-related hearing
loss (ARHL), or presbycusis, is a progressive,
common, and irreversible condition that is
likely caused by multiple processes and path-
ways. However, further evidence of impaired
proteostasis in ARHL is provided by sin-
gle-cell transcriptomics, which revealed that
Hsp90aal is one of the genes with the most
elevated expression in cochlear intermediate
cells of the stria vascularis during aging (24).

Atf6-KO mice show cochlear
pathology

To further investigate the role of A& in
hearing, Lee and colleagues recorded audi-
tory brainstem responses (ABRs) to assess
cochlear function in A#67~ mice (2). At P14,
no notable differences in ABR thresholds
were observed between A6/~ and A#fs*'*
mice. However, by 2 months of age, ABR
thresholds were elevated in both sexes of
Atf6~- mice. Thus A#f6~~ mice had slow pro-
gressive hearing loss resembling the hearing
loss observed in the patients carrying ATF6
disease alleles, albeit at relatively dissimi-
lar respective ages. Otoacoustic emissions,
which reflect the normal function of OHCs,
were severely reduced in patients but were
not assessed in A#6~~ mice.

Deafness caused by gene mutations is
often associated with morphological disor-
ganization of stereocilia bundles, which are
essential for converting sound into electrical
signals that facilitate hearing (25). Lee and
authors evaluated sensory hair cell morphol-
ogy using immunofluorescence in cochlear
whole mounts from A#67~ mice (2). The hair
cell marker myosin VII and the filamentous
actin dye phalloidin were used to visualize
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the hair cells and stereocilia, respectively.
They observed loss and disrupted arrange-
ment of OHCs in the basal region of the
cochlea. However, the number of OHCs in
the apical region and the number of ITHCs
across the entire cochlea were normal. Actin
labeling revealed disorganized and frayed
stereocilia bundles in the hair cells of the
cochlea from A#f67~ mutants. The results
suggest that deformation of stereocilia and
OHC death are the cause of hearing loss in
Atf6~ mice. The authors could have used
high-resolution scanning electron microsco-
py to further validate the deformed stereo-
cilia morphology at nanometer resolution.
Since the diameter of stereocilia is less than
a wavelength of light, light microscopy is
not able to reliably detect subtle changes in
its ultrastructural morphology.

Impaired ER stress response in
Atf67- cochlea

To gain further insight into the mechanisms
underlying hearing loss in A#6~ mice, Lee
and co-authors performed bulk RNA-Seq
analysis (2). They focused on selected dif-
ferentially expressed genes (DEGs) and per-
formed gene ontology (GO) analysis to iden-
tify groups of functionally related DEGs.
GO analysis revealed that genes associated
with ER stress, ion homeostasis, actin fila-
ments, and neuronal death were altered in
Atf6”~ cochlea. ER stress is known to activate
the UPR, a protective mechanism to restore
homeostasis and ensure proper protein fold-
ing by preventing the accumulation of mis-
folded proteins. The UPR restores homeo-
stasis by upregulating ER protein chaperones
such as Hsp90bl, to refold the mishandled
proteins, or by degrading misfolded proteins.
Notably, the authors did not observe chang-
es in genes related to autophagy, the prote-
asome, or oxidative stress. Nevertheless,
several DEGs encoding stereocilia bundle—
associated proteins were observed, which
may explain the disorganized stereocilia.
Despite enrichment of multiple ion channel
ontologies in A#6”~ cochlea, no differences
in the overall mean expression levels of chan-
nel-related gene sets were observed. Howev-
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er, alterations of several DEGs encoding ion
channels were identified.

Conclusion and future
directions

The findings by Lee et al. (2) underscore the
therapeutic potential for targeted strategies
aimed at enhancing the proteostasis network
to treat or prevent hearing loss. One prom-
ising approach for managing SNHL could
be to treat patients with medications that
upregulate the UPR to reduce ER stress.
Despite the unresolved questions, the study
offers insights of value. These findings not
only deepen our understanding of a newly
identified human disorder but also provide
important genetic evidence supporting the
role of proteostasis in hearing loss (Figure 1).
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