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• METHODS: We evaluated phenotype data for concur- 
rent retinopathy and hearing abnormalities in single-gene 
KO mice generated by the International Mouse Pheno- 
typing Consortium (IMPC). A search was performed to 

determine whether each gene had been previously associ- 
ated with retinopathy and/or deafness in humans. Bioin- 
formatic tools were used to predict protein interactions, 
molecular functions, signaling pathways, and the expres- 
sion of human orthologues of candidate genes in the 
retina and inner ear. 
• RESULTS: We identified 18 single-gene KO lines ex- 
hibiting hearing abnormality and retinopathy after ear 
and eye examinations, respectively, and/or by histopathol- 
ogy. The molecular functions and signaling pathways of 
the human orthologues of the 18 candidate genes par- 
tially overlapped with those of USH genes. Particularly, 
FER and DYRK1B proteins were predicted to interact 
with proteins encoded by known ciliopathy genes. ADI- 
POR1, ATP8B1 , and MPDZ were associated with reti- 
nal degeneration in humans. CHSY1 and IDUA may be 
pathogenic causes of hearing impairment in people. Fur- 
thermore, CHSY1, CSTB , and SPRED1 were located ad- 
jacent to unsolved genetic loci related to USH. 
• CONCLUSIONS: A screen of 9139 KO mouse lines 
revealed 18 candidate genes exhibiting both retinal 
and inner ear abnormalities consistent with the prin- 
cipal clinical features associated with USH. As the 
observed phenotypes are attributed to gene deletion 

in mice, these genes warrant further study to deter- 
mine the causation of retinal degeneration and hearing 
loss in patients. (Am J Ophthalmol 2026;290: 258–
276. © 2026 The Authors. Published by Elsevier Inc. 
This is an open access article under the CC BY license 
( http://creativecommons.org/licenses/by/4.0/ )) 
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INTRODUCTION 

 

he combination of vision and hearing loss ,
referred to as dual sensory impairment (DSI), can
be caused by widely different conditions and affects

11.3% of the United States population aged 80 years and
older. 1 Congenital forms of DSI are often heritable single-
gene disorders, such as Usher syndrome (USH), Bardet-
Biedl syndrome (BBS), Stickler syndrome, Waardenburg
syndrome, Alstrom disease, Tietz albinism-deafness syn-
drome, Norrie disease, Charge syndrome, Alport syndrome,
and mitochondrial DNA disorders, such as Kearns-Sayre
syndrome and maternally inherited diabetes and deafness. 2 

USH has a prevalence of 1 to 4 in 25,000 individuals and is
the most common DSI phenotype. 3 

USH is an autosomal recessive (AR) condition affect-
ing the photoreceptors in the retina and the hair cells
(HCs) of the cochlea and vestibule in the inner ear, re-
sulting in retinitis pigmentosa (RP), sensorineural hearing
loss (SNHL), and variable vestibular dysfunction. 4 Symp-
toms and signs of USH have different severities and on-
sets and are categorized into 4 main clinical types (USH1,
USH2, USH3, USH4). 2 Pathogenic variants in 10 differ-
ent genes are associated with USH: MYO7A, USH1C,
CDH23, PCDH15 , and USH1G for USH1; USH2A, AD-
GRV1 , and WHRN for USH2; CLRN1 for USH3; and
ARSG for USH4. 2 The association of 5 additional genes
( ABHD12, CEP250, CEP78, ESPN , and PDZD7 ) related
to this syndrome remains unclear. 2 , 5 , 6 Furthermore, there
are likely additional genes at 3 genomic loci mapped to
USH1,:10p11.21 to q21.1, 15q22 to q23, and 21q21, 2 , 6 

confirming that unknown USH genes could exist. 
Structural USH proteins in the inner ear are organized

into major complexes that are essential for the function and
stability of sensory HCs, which convert sound vibrations
into neuronal signals. Usher protein complex 1 (encoded
by MYO7A, USH1C, USH1G, PCDH15 , and CDH23 ) is
localized at the tip links and lateral links of HC stereocilia,
specialized structures that mediate mechanoelectrical trans-
duction. Disruption of this complex compromises the physi-
cal coupling between stereocilia, leading to defective sound
and balance perception. Usher protein complex 2 (encoded
by USH2A, ADGRV1, WHRN , and PDZD7 ) is found at
the ankle links, which provide structural support and main-
tain proper stereocilia organization. In the retina, compo-
nents of Usher protein complex 1 are localized at membrane
interfaces between the calyceal processes and the basolat-
eral region of the outer segment in both rods and cones and
at the junction between the inner and outer segments in
rod photoreceptors. These regions are critical for maintain-
ing the structural stability and alignment of the photore-
ceptor outer segments. In contrast, Usher protein complex
2 is concentrated at the periciliary region of photorecep-
tors, where it supports the organization and trafficking of
fi  
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roteins essential for photoreceptor maintenance and func-
ion. 7 

Several animal models have been used to study the un-
erlying process of USH and to establish potential thera-
ies. 5 Historically, mice have served as USH models, but
hey only partly recapitulate the retinal phenotype, which
s generally milder in rodents. 5 , 8 This discordance with the
uman phenotype is attributed to mouse photoreceptors

acking human-like calyceal processes and periciliary mem-
ranes. 5 However, due to the existence of USH genes in hu-
ans which have not yet been discovered, as is evident from

nsolved genomic loci, we used knockout (KO) mouse lines
o search for novel candidates, despite these species differ-
nces. These candidate genes may highlight new molecular
echanisms underlying the pathobiology of USH and help

dentify new genotype-phenotype associations. 

METHODS 

IMPC KNOCKOUT MOUSE LINES: The IMPC 

9-15 ( https:
/www.mousephenotype.org/) consists of 13 phenotyping
enters worldwide, aiming to generate and phenotype
ingle-gene KO mouse lines for all coding genes in the
ouse genome. Phenotyping data for each line are gathered

sing a set of tests from the International Mouse Pheno-
yping Resource of Standardised Screens (IMPReSS; https:
/www.mousephenotype.org/impress/index ). 9 All lines were
enerated and maintained on a C57BL/6N genetic back-
round. 10 The technology adopted for generating each
ingle-gene KO line was initially publicly available targeted
ouse embryonic stem (ES) cells 11 and then replaced by
as9-mediated deletion strategies in 2014. 12 For each gene,

he Consortium produced and phenotyped 7 males and 7
emales for most tests as defined in IMPReSS. For gene
Os affecting viability, with subviability defined as < 12.5%

ive homozygotes (HOM) from heterozygote (HET) crosses,
ET mice were phenotyped. KO and corresponding age-

nd sex-matched wild-type (WT) control mice were phe-
otyped as young adults between 9 and 16 weeks of age. At
4 weeks, hearing ability was evaluated in at least 4 mutant
ice, both males and females in most cases, by analyzing

uditory brainstem response (ABR) at frequencies of 6, 12,
8, 24, and 30 kHz. A click-evoked ABR was optional. 13 A
omplete ophthalmic examination was performed at week
5 or 16. For the primary screen of retinal traits, almost
ll phenotyping centers used slit lamp examination (ex-
ept for Baylor College of Medicine and HMGU Helmholtz
unich) and indirect fundus examination (except for Bay-

or College of Medicine, HMGU Helmholtz Munich, and
nstitut Clinique de la Souris—PHENOMIN-ICS, which
nstead conducted routine optical coherence tomography
OCT] cross-sectional and funduscopic imaging) as primary
creen tools. Hematoxylin and eosin staining on formalin-
xed, paraffin-embedded tissues was also used by The Cen-
HAT CAUSE USHER SYNDROME 259
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ter for Phenogenomics and University of California Davis.
Depending on the test and/or instrumentation used, the
secondary screen studies varied across the phenotyping cen-
ters and included electroretinogram (ERG), OCT, fundus
imaging, and transmission electron microscopy (TEM). 14 

Phenotyping data obtained from HET or HOM mice were
compared with those from WT control mice from the same
center with genotypes masked to the evaluators. If the phe-
notypic difference was statistically significant, 15 an ontol-
ogy term from the Mammalian Phenotype ontology was
used to describe the phenotype. 9 

The IMPC guidelines related to housing and husbandry
met the requirements of the ARRIVE guidelines, 16 the
Gold Standard publication Checklist reporting Guidelines,
and the Genetically Altered (GA) Passport to maintain
animal welfare. All procedures complied with local, state,
and national regulatory guidelines and were reviewed and
approved by associated institutional animal care and use
committees (IACUC), animal care committees (ACC), or
equivalent. 

• NOVEL CANDIDATE GENES IDENTIFIED: The IMPC KO
mouse line 9-15 database (version 23, released on April 23,
2025) was queried for 11 retinal and 2 auditory traits. Reti-
nal traits included abnormal retina morphology, retina pig-
mentation, eye electrophysiology, outer nuclear layer mor-
phology, blood vessel morphology, vasculature morphology,
blood vessel pattern, inner nuclear layer morphology, op-
tic vesicle formation, decreased total retina thickness, and
increased total retina thickness, but auditory traits were of
abnormal ABR and abnormal otic vesicle morphology. 

To identify potential candidate genes for USH that
are not part of the 16 genes mentioned previously, the
genes correlated with hearing and retina abnormality were
screened for those that had at least 1 retinal and 1 audi-
tory trait concurrently. To increase the stringency of assess-
ing disease causation, only candidate genes causing bilat-
eral retinopathy in most mice (a minimum of half of the
KO mice affected in males and/or females) and/or were val-
idated by histopathology were included. Mouse lines with
retinal findings that did not meet these additional criteria
were excluded, despite achieving statistical significance by
IMPC standards. 

• SUBSTITUTION OF MOUSE GENES WITH HUMAN OR-

THOLOGS: We used the GeneCards database ( https://www.
genecards.org ) version 5.25 (updated: July 23, 2025) 17 , 18 

to search for human orthologues of the candidate mouse
genes for multiple analyses, including protein interactions,
molecular functions, and signaling pathways. Furthermore,
mouse orthologues of inherited DSI genes were used to as-
sess whether mouse lines with those genes disrupted reca-
pitulate any DSI phenotypes. Using this database, we also
screened the locus of the human orthologue of each candi-
date gene to see whether any were positioned in proximity
260 AMERICAN JOURNAL OF OPHT
o any of the previously mentioned 3 known mapped USH
oci. 

PROTEIN-PROTEIN INTERACTION NETWORK: A pro-
ein interaction analysis was performed between the pro-
eins encoded by USH genes, other established inherited
SI genes, ciliopathy genes, and our candidate genes us-

ng STRING-db v.12.0 released on July 26, 2023, 19 built
nto the Cytoscape 3.10.3 App, StringApp. 20 A confidence
hreshold of 0.9 was used to visualize any interaction be-
ween the proteins encoded by members of each group. To
elve deeper into possible interactions among the 4 gene
ets, an analysis with a confidence level of 0.7 was also per-
ormed. 

MOLECULAR FUNCTIONS AND SIGNALING PATHWAYS:

n analysis based on v.19.0 of the PANTHER classification
ystem, released on June 20, 2024 ( https://www.pantherdb.
rg/), was conducted to investigate the molecular func-
ions contributed by each gene group. 21 , 22 Associated sig-
aling pathways were analyzed by KEGG, Reactome, and
IKI pathways through the Database for Annotation,

isualization, and Integrated Discovery (DAVID) knowl-
dge base v.2025_1, released on April 17, 2025 ( https://
avidbioinformatics.nih.gov/). 23 , 24 

ASSESSMENT OF GENE EXPRESSION IN RETINA AND IN-

ER EAR: Gene expression in the retina was analyzed us-
ng the expression plot of Platform for Analysis of scEiad
single cell eye in a disk) or Plae v.0.95 ( https://plae.nei.
ih.gov/). 25 We used the “CellType_predict” cell group-

ng and set the facet on “Gene,” in addition to “organ-
sm” and “CellType_predict” as filter categories in a mini-
um of 50 cells per group to narrow our analysis to include

he data from Homo sapiens and Mus musculus separately.
s RP in USH predominantly affects rod photoreceptors

nd/or retinal pigment epithelium (RPE) cells, 6 we checked
he expression of the candidate genes and USH genes only
n these cells, based on “Mean Log2(Counts + 1)” values
hich were colored based on “study_accession.” Conse-
uently, if the presented value for RPE cells and/or rod pho-
oreceptors was > 0, then the gene was considered to be
xpressed in the retina. For values equal to 0, the expres-
ion was considered as not detected. Similarly, we used the
ene Expression Analysis Resource (gEAR) 26 portal v.2

 https://umgear.org/) to analyze the expression of each can-
idate and USH gene in the cochlea and/or vestibular HCs
f humans and mice. Expression of the gene in either the
ochlea or vestibular HCs was considered as the expression
f the gene in the inner ear. The Human Inner Ear and In-
er Ear Organoid (van der Valk and associates 27 ) profile was
sed for detection of gene expression in humans. In this pro-
le, single-nucleus RNA sequencing (snRNA-seq) of inner
ar HCs at fetal age weeks 7.5 and 9.2 exhibits the transcrip-
ion of each gene in vestibular HCs, as the mature cochlea
s still in development. 27 The single-cell RNA sequencing
HALMOLOGY MONTH 2026
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(scRNA-seq) data of vestibular and inner HCs/outer HCs
(IHC/OHC) demo profiles were used to identify the expres-
sion of candidates in the utricle and cochlear HCs of mice,
respectively. 

• ASSOCIATION WITH RETINAL DISORDERS AND DEAF-

NESS: We used the retinal information network (RetNet,
https://retnet.org/), accessed on September 5, 2025, to
find any known association of human orthologs of can-
didate genes with retinopathies or mapped loci associ-
ated with retinopathies. 28 Furthermore, we carried out a
similar study for hearing impairment using the Shared
Harvard Inner-Ear Laboratory database (SHIELD, https:
//shield.hms.harvard.edu/), 29 accessed on September 5,
2025, and the Deafness Variation Database (DVD, https://
deafnessvariationdatabase.org/) v.9.2, accessed on Septem-
ber 30, 2025. 30 In DVD, we searched through the variant
table of each represented gene using the value of hearing
impairment in the phenotype field. The 263 genes related
to ciliopathies, a combination of Syscilia and Ciliacarta,
and 39 genes of other inherited DSI illnesses were derived
from Higgins and associates 31 and Guimaraes and asso-
ciates, 2 respectively. In addition, previously established as-
sociations of the candidate genes with retinal, hearing, and
other clinical phenotypes in humans were retrieved from
Online Mendelian Inheritance in Man, OMIM. McKusick-
Nathans Institute of Genetic Medicine, Johns Hopkins
University (Baltimore, MD), https://omim.org/, accessed in
September 2025. 

• LITERATURE REVIEW ON KO MOUSE LINES: To investi-
gate the retinal and auditory phenotypes of variant mouse
lines in greater detail, we performed a literature search on
KO and/or HET mouse lines for each candidate and mouse
orthologue of inherited DSI genes, which were generated
and studied for inner ear and retinal abnormalities. The
auditory and retinal phenotypes of these lines were in-
dividually investigated ( https://pubmed.ncbi.nlm.nih.gov/
and https://scholar.google.com/) by searching “gene sym-
bol,” “knockout,” or “deletion” or “null,” “mouse,” “ear,”
“retina,” “hearing,” and “eye” terms to make associations
between the genes and the aforementioned abnormal traits.

• ETHICS STATEMENT: The study was approved by the in-
stitutional review board of Partners HealthCare System and
adhered to the Declaration of Helsinki. Informed consent
was obtained from all individuals on whom genetic testing
and further molecular evaluations were performed. 

• CLINICAL EVALUATION: Patients and available family
members from 230 families with syndromic or nonsyn-
dromic IRD were ascertained at Massachusetts Eye and Ear
and enrolled in a study assessing elusive causality. Clinical
evaluation was performed by experienced ophthalmologists
according to previously published protocols and included

32–35 
functional and structural assessment. w  
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GENETIC ANALYSIS: Blood samples were obtained from
robands and, when possible, their family members. DNA
as isolated from peripheral blood lymphocytes by standard
rocedures. Genome sequencing (GS) was performed at
assachusetts Eye and Ear; data were aligned to hg38, and

ariant calling was performed using DRAGEN-GATK4
est practices. GATK-structural variant (SV) cohort mode
sing 5 different algorithms was used for structural variant
alling. 36 

STATISTICAL ANALYSIS: Statistical analysis was done us-
ng GraphPad Prism v.10.5.0. ERG data were presented as
ean ± SD. Owing to the different variances among the

roups (53 WT vs 4 Mpdz−/− and 3 Rnf10−/− mice), Welch’s
 test was used to compare the ERG wave amplitudes. A P <

05 was considered statistically significant. For OCT data,
resented as mean ± SD, retinal thickness was compared
etween Idua−/− and WT mice using the Wilcoxon rank
um test, with significance defined as P < .05. The ABR
est results in KO lines, conducted by IMPC, with P values
qual to or lower than 10−4 ( P ≤ .0001) were marked as
ignificant. 

RESULTS 

IDENTIFICATION OF CANDIDATE HUMAN USH GENES:

e queried KO mouse lines phenotyped by the IMPC
or retinopathy and hearing abnormalities. We found
13 genes with at least 1 of 11 distinct abnormal retinal
henotypes and 338 genes with at least 1 of 2 distinct ear
bnormalities. A total of 50 genes were identified that
aused both auditory and retinal abnormalities in the same
ouse line ( Figure 1 , A). Among these, 18 genes were con-

idered high-likelihood candidates for USH because the
esultant retinopathy was either confirmed by histopathol-
gy and/or was documented with bilaterally symmetric
etinal abnormalities in most males and/or females of
ach mutant mouse line: AA986860 (MMRRC:066881-
CD), Adipor1 (EM:08491), Ankrd11 (retina pheno-

ype: EM:00380, ear phenotype: EM:07651), Atp8b1
MMRRC:067151-UCD), Chsy1 (MMRRC:067396-
CD), Cstb (EM:09566), Dyrk1b (EM:10419), Eef1d

MMRRC:066978-UCD), Fer (MMRRC:066693-UCD),
dua (EM:15473), Mpdz (MMRRC:048630-UCD), Pigq
MMRRC:043931-UCD), Rnf10 (retina phenotype:

MRRC:049477-UCD and MMRRC:049478-UCD, ear
henotype: MMRRC:049477-UCD), Slc20a2 (retina
henotype: EM:08067, ear phenotype: EM:05549),
pred1 (EM:12627), Sun1 (EM:09532), Tmem145
MMRRC:065589-UCD), and Xrcc5 (EM:12867). 9-15 

nterestingly, genes such as Ankrd11 , Dyrk1b , Eef1d , and
lc20a2 induced relevant USH phenotypes in heterozygous
ndividuals, whereas for the other genes, these phenotypes
ere only observed in homozygous mutants. The situation
HAT CAUSE USHER SYNDROME 261
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FIGURE 1. Identification of candidate gene list and protein interactions between proteins encoded by candidate genes and human 

Usher syndrome genes, other inherited dual sensory impairment syndrome genes, or confirmed ciliopathy genes. (A) In the Venn 

diagram, IMPC genes associated with retinopathy are in blue and auditory abnormality causative genes are in pink. The mutual part 
indicates 50 genes that result in both abnormal phenotypes, concurrently. The group of 50 was further distilled to 18 genes based on 

our bilaterality criteria for retinopathy. (B) STRING database was used for protein interaction analysis between proteins encoded 
by human orthologs of candidate genes and human USH genes, other established inherited DSI genes, or confirmed ciliopathy genes. 
Each of these nodes indicates an encoded protein where human USH proteins, human orthologs of candidate proteins, confirmed 
ciliopathy proteins, and other inherited DSI proteins are exhibited as nodes colored in lilac, blue, yellow, and red, respectively. Shared 
proteins encoded by the list of other inherited DSI genes and confirmed ciliopathy genes are in orange. Similarly, mutual proteins 
among human USH proteins and ciliopathy proteins are exhibited in purple nodes. Any interaction between the protein product of 
each gene with a confidence ≥0.9 is illustrated as a line. No associations between proteins encoded by human orthologs of candidate 
genes and human USH genes or other inherited DSI were detected. However, 2 separate interactions between the ciliopathy and 
candidate proteins (FER and DYRK1B, illustrated by the arrows) were detected. DSI = dual sensory impairment; USH = Usher 
syndrome. 
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for homozygous mutant genes is comparable to the AR
inheritance of USH mutations, whereas the others may
correspond in humans to a combination of partial loss of
function. These 18 new genes, which are not part of the
USH gene list, were considered candidate genes for human
USH. Human orthologues for 11 of these genes ( SPRED1,
PIGQ, IDUA, ANKRD11, ATP8B1, CHSY1, MPDZ,
EEF1D, CSTB, DYRK1B, SLC20A2 ) were associated
with other clinical phenotypes in humans (Supplementary
Table 1). 

In addition to hearing abnormality (Supplementary Fig-
ure 1) and retinopathy, many of these 18 mutant lines had
abnormalities in other physiological systems as well, result-
ing in an expansion of the focus of our study to other in-
herited forms of DSI. 2 If a particular mutant mouse line
affected all the physiological systems similar to a known
form of a human DSI syndrome, that gene was considered to
be a candidate for the associated DSI disease. Some mouse
lines reported here had significant but not complete similar-
ity with DSI syndromes. As a result, the mutant lines that
manifested phenotypes in at least 2 physiological systems
in addition to visual and auditory systems were also consid-
ered positive hits for these DSI disorders, as summarized in
262 AMERICAN JOURNAL OF OPHT
able 1 (all phenotyping data are available in Supplemen-
ary Data Sheet 1). 

ACCURACY OF MOUSE LINES IN REPLICATING HUMAN

SI PHENOTYPES: We wished to determine whether any of
he 18 candidate genes had published mouse models with
etinal or hearing phenotypes. Through literature search,
e found that published papers from independent labora-

ories revealed all 6 candidate genes studied for retinopathy
n KO mice ( Adipor1 , 37 Chsy1 , 38 Idua , 39 Rnf10 , 40 Sun1 , 41

nd Xrcc5 

42 ) to have retinal abnormalities and all 4 candi-
ate genes studied for inner ear abnormalities in KO mice
 Atp8b1 , 43 Idua , 44 Mpdz , 45 and Sun1 

46 ) to have the respec-
ive abnormalities. We did not find reports of negative reti-
al or hearing phenotypes in any KO mouse models of the
8 candidate genes. 

Furthermore, we wished to assess the degree to which
ouse models of USH genes and other established inher-

ted DSI syndromes recapitulate the spectrum of findings
ound in humans. To this end, we queried the literature
or reports of KO mouse models of 15 human USH genes
10 confirmed genes and 5 known human candidates). 2 , 6

e also queried the IMPC database for any retinal and/or
HALMOLOGY MONTH 2026



TABLE 1. Candidate Genes Whose Mouse Lines Are Phenotypically Similar to Non-Usher Inherited Dual Sensory Impairment 
Syndromes. 

Inherited Dual Sensory Impairment Syndromes Related Candidate Genes 

Bardet-Biedl syndrome Atp8b1, Fer, Idua, Pigq, Rnf10, Slc20a2, Spred1, Sun1, Tmem145, Xrcc5 

Alstrom disease Atp8b1, Fer, Pigq, Rnf10, Spred1, Sun1, Xrcc5 

Tietz albinism deafness syndrome None found 

Waardenburg syndrome Chsy1 

Kearns-Sayre syndrome Adipor1, Ankrd11, Atp8b1, Dyrk1b, Fer, Mpdz, Pigq, Rnf10, Spred1, Sun1, Tmem145, Xrcc5 

Maternally inherited diabetes and deafness Adipor1, Atp8b1, Fer, Mpdz, Rnf10, Spred1, Sun1, Tmem145, Xrcc5 

Stickler syndrome Atp8b1, Fer, Pigq, Rnf10, Spred1, Xrcc5 

Norrie disease Ankrd11, Atp8b1, Dyrk1b, Pigq, Rnf10, Spred1, Sun1, Tmem145 

Charge syndrome Adipor1, Ankrd11, Atp8b1, Cstb, Fer, Idua, Mpdz, Pigq, Rnf10, Slc20a2, Spred1, Sun1, Xrcc5 

Alport syndrome AA986860 , Atp8b1 , Eef1d , Fer , Rnf10 , Spred1, Tmem145, Xrcc5 

Note: Mutant mouse lines of the candidate genes associated with these syndromes revealed abnormal phenotypes in at least 2 different 

physiological systems similar to the systems affected by the syndrome, in addition to the retina and hearing phenotype. 

TABLE 2A. Comparison of IMPC Phenotyping Results and Independent Laboratory Findings Based on Our Literature Search 
Regarding Mutant Mice of Mouse Orthologs of Human Usher Genes. 

Mouse Ortholog of 

Usher Syndrome 

Genes 

IMPC Retina Findings IMPC Inner Ear 

Findings 

Literature Retina, 

PMID 

Literature Retina 

Findings 

Literature Inner Ear, 

PMID 

Literature Inner Ear 

Findings 

Abhd12 Not tested Not tested 23297193 Negative 23297193 Positive 

Adgrv1 Negative Positive 

(abnormal ABR) 

17295842 Negative 17295842 Positive 

Arsg Negative ABR done, results 

not yet analyzed 

26975023 Positive 22689975; 

31927188 

Negative 

Cdh23 Eye test done, 

results not yet 

analyzed 

Not tested — — 21436032; 

20332152 

Positive 

Cep250 Negative Positive 

(abnormal ABR) 

36857066 Positive 36857066 Positive 

Cep78 Negative Negative 36206347 Positive 36206347 Positive 

Clrn1 Negative Positive 

(abnormal ABR) 

26943149 Positive 19680541 Positive 

Espn Negative Not tested — — 10975527 Positive 

Myo7a Negative ABR done, results 

not yet analyzed 

31824252 Positive 31824252 Positive 

Pcdh15 Not tested Not tested 12939319 Negative 18085631 Positive 

Pdzd7 Not tested Not tested 24334608 Negative 24334608 Positive 

Ush1c Negative ABR done, results 

not yet analyzed 

20211154 Positive 20211154 Positive 

Ush1g Not tested Not tested 37328946 Positive 37328946 Positive 

Ush2a Not tested Not tested 17360538 Positive 33498833 Positive 

Whrn Negative Not tested 20502675 Positive 20502675 Positive 
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auditory abnormality using the same set of 15 USH genes
( Table 2 , A). The IMPC data included studies on the reti-
nal phenotype in only 9 KO and/or HET mouse lines among
the 15 USH genes: Adgrv1, Arsg, Cep250, Cep78, Clrn1,
Espn, Myo7a, Ush1c , and Whrn . The other 6 genes were
either not tested or not fully analyzed. The IMPC also stud-
ied the hearing phenotype in 4 KO mouse lines of the 15
USH genes: Adgrv1, Cep250, Cep78 , and Clrn1 . Only these
VOL. 290 SEARCHING FOR NEW GENES T
 lines had complete phenotyping of the eye and ear. The
ther 11 genes were not tested for hearing, or the results of
he tests were not analyzed. Of the 4 lines, 3 had abnormal
BR results. None of the 9 lines with ocular phenotyping

ata had retinopathy. 
Analysis of peer-reviewed articles for mouse models of

he same 15 human USH genes revealed that 14 of the 15
ad hearing abnormalities. Only 13 of the 15 mouse models
HAT CAUSE USHER SYNDROME 263
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had published evaluations of the retina, and 9 of the 13 had
a retinal phenotype, but 4 of the 13 had a normal retina. 

To compare IMPC screening to independent laborato-
ries in a head-to-head comparison, we found just 4 genes
that had retinal and hearing evaluations reported by both
screening paradigms. Four genes ( Adgrv1, Cep250, Cep78 ,
and Clrn1 ) had mouse models studied for both retinal and
inner ear phenotypes by independent laboratories, reveal-
ing concurrent retina and inner ear abnormalities in 3 of
4 lines ( Cep250, Cep78 , and Clrn1 ). The IMPC screening
of these 4 lines revealed no retinopathy in any of them but
ear abnormalities in 3 of 4 ( Adgrv1, Cep250, Clrn1 ). The
results suggest that longitudinal study of mouse models of
USH (as in the published literature) is more sensitive than
the high-throughput snapshot screening used by the IMPC.
We also concluded that mouse models of USH, when stud-
ied longitudinally, recapitulate the human findings associ-
ated with hearing (14/15, 93.3%), but the retinal abnormal-
ities were not modeled as faithfully (9/13, 69.2%). All data
are found in Table 2 , A. 

A similar analysis was performed on mouse lines for the
other (non-USH) inherited DSI-confirmed genes ( Table 2 ,
B). There were 39 known DSI genes exclusive of USH. 2 

The IMPC has generated and phenotyped the retina of
KO/HET/hemizygous mice for 22 of 39 confirmed DSI
genes: Alms1, Bbip1, Bbs1, Bbs4, Bbs5, Bbs7, Bbs9, Bbs10,
Bbs12, Cep290, Cfap418, Chd7, Col11a1, Col2a1, Col4a3,
Col4a4, Col4a5, Col9a2, Ift172, Ift74, Mks1 , and Snai2 .
Two of these 22 lines had retinal phenotypes ( Bbs5 and
Ift72 , 9.1%). The IMPC has also reported on the hearing
ability of 14 KO/HET/hemizygous mouse lines of the 39 DSI
genes: Alms1, Bbs1, Bbs4, Bbs7, Bbs10, Cep290, Cfap418,
Col4a3, Col4a4, Col4a5, Col9a2, Ift172, Ift74 , and Snai2 .
Only Col9a2 (1/14, 7.1%) had abnormal hearing. 

Independent publications evaluated mouse models for 20
of 39 DSI genes for retinal abnormalities and found pheno-
types in 17 of them (17/20, 85%). Independent laboratories
evaluated hearing for 16 DSI genes using mouse models, all
of which were abnormal (16/16, 100%). 

We then performed a head-to-head comparison of DSI
mouse models between IMPC high-throughput snapshot
screening and longitudinal evaluation by independent re-
search laboratories. Furthermore, 11 lines were analyzed by
both paradigms for retinal phenotypes, and 6 lines were an-
alyzed by both methods for hearing. Only 2 lines were char-
acterized for both inner ear and retinal phenotypes by both
strategies. The results are outlined in Table 3 . 

Taken together, these data suggest that mouse models of
USH and other DSI syndromes recapitulate human findings
when studied longitudinally, as in the case of peer-reviewed
articles from independent research laboratories. However,
the IMPC high-throughput phenotyping pipeline was rela-
tively less sensitive (but specific) in picking up these abnor-
malities. This could be due to the nature of high-throughput
screening, so that only the most prominent phenotypes are
recorded. In contrast, individual research projects looking
264 AMERICAN JOURNAL OF OPHT
t specific genes are more focused and conduct deeper phe-
otyping. 

ANALYZING THE EXPRESSION OF USHER GENES AND

ANDIDATE GENES IN THE RETINA AND INNER EAR: A
otal of 15 human USH genes and 18 candidate genes were
nalyzed for retinal expression (in rods and/or RPE cells)
nd in inner ear cells (cochlear and/or vestibular HCs) in
umans and mice, cells that are primarily affected in RP
nd/or SNHL, as found in USH. 6 

We screened the Plae database 25 to study the expression
f the 2 gene sets in the rods and/or RPE cells of the retina
f both species. We found that 13 of 15 human USH genes
86.6%) are expressed in the retina of humans and mice.
he expression of CLRN1 and USH1G was not detected in
uman rods and/or RPE cells. Mouse rods and/or RPE cells
ad no transcripts of Ush1g and Pdzd7 . In terms of our can-
idate genes, 16 of 18 (88.8%) and 17 of 18 (94.4%) are
xpressed in the retina of humans and mice, respectively.
o expression of ATP8B1 and C1orf116 , the human ortho-

ogue of the candidate gene AA986860 , was reported in rod
hotoreceptors or RPE cells of the human retina, and no
ranscripts of Atp8b1 were identified in mouse rods and/or
PE cells (Supplementary Figure 2). The lack of gene ex-
ression reported by the Plae database may be because of
he low expression of the gene of interest, which could
ot be detected by scRNA-seq analysis, or because there is
o expression at all. Furthermore, an investigation through
he gEAR 

26 database revealed the expression of all candi-
ate genes and human USH genes in the inner ear HCs of
oth mice and humans (18/18 candidate genes, 15/15 USH
enes) (Supplementary Figures 3-8). 

PROTEIN INTERACTION ANALYSIS: We sought to pre-
ict whether any protein encoded by the 18 human ortho-
ogues of candidate genes interacts with any encoded pro-
ein among the 15 human USH genes, the 39 genes asso-
iated with other inherited DSI syndromes derived from
uimaraes and associates, 2 or the 263 known ciliopathy

enes, a combination of Syscilia and Ciliacarta, from Hig-
ins and associates. 31 MT-TL1 from other inherited DSI
a causative mitochondrial gene of maternally inherited
iabetes and deafness, coding for a leucine tRNA 

47 ) and
TCHD3 , from ciliopathy genes, are not represented in the
TRING-db 

19 , 20 and thus could not be analyzed. 
No known protein-protein interaction between the 18

andidates and 15 human USH genes or between the 18
andidates and the other 38 inherited DSI genes was found
 Figure 1 , B). Notably, we found that FER and DYRK1B,
oth from our list of 18 candidates, interact with CTNNB
nd DCAF from the ciliopathy list, respectively. To further
xplore the protein-protein interactions present between
he candidates and other gene collections, the confidence
evel was reduced to 0.7. With this confidence level, 3 new
nteractions were noted between protein products of CSTB,
PRED1 , and XRCC5 of candidate genes with TRAPPC10,
HALMOLOGY MONTH 2026



TABLE 2B. Comparison of IMPC Phenotyping Results and Independent Laboratory Findings Based on Our Literature Search 
Regarding Mutant Mice of Mouse Orthologs of Non-Usher Inherited Dual Sensory Impairment Syndrome Genes. 

Mouse Ortholog of Inherited Dual 

Sensory Impairment Syndrome 

Genes 

IMPC Retina Findings IMPC Inner Ear 

Findings 

Literature Retina, 

PMID 

Literature Retina 

Findings 

Literature Inner Ear, 

PMID 

Literature Inner Ear 

Findings 

Alms1 Negative Negative 16000322 Positive 16000322 Positive 
Arl6 Not tested Not tested 22139371 Positive — —
Bbip1 Negative ABR done, results 

not yet analyzed 
— — — —

Bbs1 Negative Negative — — 16170314 Positive 
Bbs10 Negative Negative 36125046 Positive — —
Bbs12 Negative ABR done, results 

not yet analyzed 
22869374 Positive — —

Bbs2 Not tested Not tested 15539463 Positive — —
Bbs4 Negative Negative 15173597; 

29049287 
Positive 19396898 Positive 

Bbs5 Positive 
(abnormal retina 

morphology) 

Not tested 32776140 Positive — —

Bbs7 Negative Negative 23572516 Positive — —
Bbs9 Negative Not tested — — — —
Cep290 Negative Negative 25859007 Positive — —
Cfap418 Negative Negative 29440555; 

37971880 
Positive — —

Chd7 Negative Not tested 26670829 Positive 34004180 Positive 
Col11a1 Negative Not tested — — 22567353 Positive 
Col2a1 Negative ABR done, results 

not yet analyzed 
16546167 Negative — —

Col4a3 Negative Negative — — 9682811 Positive 
Col4a4 Negative Negative — — 21196518 Positive 
Col4a5 Negative Negative — — — —
Col9a1 Not tested Not tested 16909383 Negative 15802199 Positive 
Col9a2 Negative Positive 

(abnormal ABR) 
— — 31161720 Positive 

edn3 Not tested Not tested 8001160 Negative — —
Ednrb Not tested Not tested — — 21715336 Positive 
Ift172 Positive 

(abnormal retina 
blood vessel 
morphology) 

Negative 29659833 Positive — —

Ift27 Not tested Not tested — — 25605782 Positive 
Ift74 Negative Negative — — — —
Lztfl1 Not tested Not tested 27312011 Positive — —
Mitf Not tested Not tested 31659211 Positive 31659211 Positive 
Mkks Not tested Not tested 22446187 Positive 22446187 Positive 
Mks1 Negative Not tested — — — —
mt-Tl1 — — — — — —
Ndp Not tested Not tested 12040033; 

8789439 
Positive 34544869 Positive 

Pax3 Not tested Not tested — — 38278860 Positive 
Sdccag8 Not tested Not tested — — — —
Snai2 Negative Negative — — — —
Sox10 Not tested Not tested — — — —
Trim32 Not tested Not tested — — — —
Ttc8 Not tested Not tested 29049287 Positive 25605782 Positive 
Wdpcp Not tested Not tested — — — —

ABR = abnormal auditory brainstem response; IMPC = International Mouse Phenotyping Consortium; PMID = PubMed identifier. 

Note: The results revealed that the longitudinal studies conducted by independent laboratories may be more successful in identifying abnormal 

phenotypes of mutant mouse lines of Usher syndrome genes (A) and other inherited dual sensory impairment syndrome genes (B) compared 

with the high-throughput “snapshot-in-time” screening done by IMPC centers. 
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TABLE 3. Comparing the Head-to-Head Concordance of Retinal and Auditory Phenotypes Between Similar Mutant Mouse Lines 
From the IMPC and Peer-Reviewed Articles From Independent Researchers. 

Phenotype in Knockout Mouse Models IMPC Knockout Mouse Lines Peer-Reviewed Articles of Knockout Mouse Lines 

Retinal abnormality USH: 0/9 USH: 7/8 

Other inherited DSI: 2/22 Other inherited DSI: 10/11 

Hearing abnormality USH: 3/4 USH: 4/4 

Other inherited DSI: 1/14 Other inherited DSI: 6/6 

Mouse models with both phenotypes 

evaluated 

USH: 0/4 USH: 3/4 

Other inherited DSI: 0/14 Other inherited DSI: 2/2 

DSI = dual sensory impairment; Het = heterozygous; IMPC = International Mouse Phenotyping Consortium; KO = knockout; USH = Usher 

syndrome. 

Note: Of the 15 USH genes in humans, each has a mouse orthologues. Of these 15 mouse genes, the IMPC has phenotyped the retina of 

9 and the hearing ability of 4 KO/HET lines. Independent laboratories in the peer-reviewed literature evaluated reported retinal abnormalities in 

8 of the 9 genes, and hearing abnormalities in all 4 lines. The IMPC phenotyping process found 0 of 9 or 3 of 4 of the mouse orthologues of 

human USH genes have retinopathy or hearing impairment, respectively. Of these 4 lines studied by independent laboratories, all had a definitive 

hearing impairment, and of the 8 KO lines that underwent ophthalmologic assessment, 7 exhibited retinal abnor mality. Further more, independent 

studies revealed that among 4 IMPC KO lines, which were phenotyped regarding both retina and inner ear, 3 exhibited abnormalities concurrently. 

However, these abnormalities were not reported by IMPC (0/4). Similarly, of the 39 other DSI genes in humans, all have a mouse orthologues. 

Of these 39 genes, the IMPC had phenotyped the retina of 22 and hearing ability of 14 KO/HET/hemizygous lines. The IMPC data revealed that 

2 of 22 (9.1%, Bbs5 and Ift172 ) of these models had retinopathy. In addition, 1 of 14 (7.1%, Col9a2 ) mutant lines have hearing impairment. Only 

11 of these 22 genes and 6 of these 14 genes with IMPC mutants have mouse lines evaluated by independent laboratories in the peer-reviewed 

literature for head-to-head comparison regarding retina and inner ear, respectively. In the published literature, 10 lines documented evidence of 

retinopathy, and all 6 lines had abnormalities in the inner ear. In addition, of 14 IMPC mutant lines, which were studied for both retinopathy and 

inner ear abnormality, only 2 were studied regarding both retina and inner ear by the independent laboratories. Both lines ( Bbs4 and Alms1 ) had 

abnormal phenotypes simultaneously. Although IMPC phenotyping is comprehensive for all systems, some of these lines generated by others 

were not evaluated for all systems. Mutant mouse models of bona fide human USH/DSI genes relatively faithfully recapitulate both hearing and 

retinal abnormalities found in people, but longitudinal screening may be required to identify them, whereas high-throughput snapshot screening 

may miss subtle defects, especially on the rd8 background. 
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RAF1 , and ORC1 of ciliopathy genes, respectively (Supple-
mentary Figure 9). 

• MOLECULAR FUNCTIONS AND SIGNALING PATHWAYS

ANALYSIS: We used bioinformatic tools to identify rela-
tionships between the molecular functions and signaling
pathways in our candidate gene set and sets of human USH
and other established DSI genes. The PANTHER classifi-
cation system 

21 , 22 reveals the existence of 3 similar molec-
ular functions shared among our candidate genes, the hu-
man USH genes, and other inherited DSI genes: ATP-
dependent activity, binding, and catalytic activity. Molec-
ular function regulator and molecular transducer activities
are shared only between the gene profiles of candidates
and other inherited DSI genes. Furthermore, each gene set
was found to have unique molecular functions. Candidate
genes ( Figure 2 , Left) were uniquely associated with molec-
ular adaptor and transporter activities, but only human
USH genes were associated with cytoskeletal motor activ-
ity ( Figure 2 , Middle). In addition, other (non-USH) inher-
ited DSI syndrome genes uniquely participated in structural
molecule and transcription regulator activities ( Figure 2 ,
Right). 

We used DAVID 

23 , 24 to study the related pathways in
which the candidate genes and the 2 other gene sets are
266 AMERICAN JOURNAL OF OPHT
nvolved. Three different signaling pathway databases were
tudied using this bioinformatic tool: KEGG, Reactome,
nd WIKI pathways. KEGG revealed that candidate genes
hared the lysosome pathway with human USH genes,
hereas the adherens junction and cytoskeleton in muscle
ell pathway were shared by the candidate gene set and in-
erited DSI genes. WIKI pathways revealed no additional
ignaling pathway similarities (Supplementary Data Sheet
). 

According to Reactome, 4 pathways were common
mong the 3 gene sets: metabolism of proteins, signal trans-
uction, post-translational protein modification, and cell
ycle. Moreover, the metabolism pathway was linked to
oth the candidate genes and human USH genes, whereas
he candidate and inherited DSI genes shared the immune
ystem, innate immune system, neutrophil degranulation,
ignaling by receptor tyrosine kinases, and cytosolic sensors
f pathogen-associated DNA pathways ( Table 4 ). 

MT-TL1 , an inherited DSI gene, was not represented in
he DAVID and PANTHER databases and thus could not
e analyzed. 

CORRESPONDENCE OF CANDIDATE GENES WITH UN-

OLVED HUMAN USH LOCI: So far, 3 human USH loci
f unidentified genes, evident from mapping linkage, have
HALMOLOGY MONTH 2026



FIGURE 2. The molecular functions of the human orthologs of candidate genes (left), Usher syndrome genes (middle), and con- 
firmed inherited dual sensory impairment syndrome genes (right), based on PANTHER V19.0 analysis. ATP-dependent activity, 
binding and catalytic activity overlap between 3 categories. DSI = dual sensory impairment; USH = Usher syndrome. 

TABLE 4. Shared Signaling Pathways of Candidate Genes With Usher Syndrome Genes and Other Inherited Dual Sensory 
Impairment Syndrome Genes Based on DAVID v2025_1 Database. 

Mutual Signaling Pathways Between Candidate Genes and 

Usher Syndrome Genes 

Mutual Signaling Pathways Between Candidate and Other Inherited Dual Sensory Impairment Syndrome Genes 

KEGG Reactome KEGG Reactome 

Lysosome Metabolism of proteins 

Signal transduction 

Post-translational protein 

modification 

Cell cycle 

Metabolism 

Adherens junction 

Cytoskeleton in 

muscle cells 

Metabolism of proteins 

Signal transduction 

Post-translational protein modification 

Cell cycle 

Immune system 

Innate immune system 

Neutrophil degranulation 

Signaling by receptor tyrosine kinases 

Cytosolic sensors of pathogen-associated DNA 
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been associated with USH1. 2 , 6 These loci are 10p11.21
to q21.1, 15q22 to q23, and 21q21. An analysis using
the GeneCards database 17 , 18 revealed that 3 human or-
thologues of our candidate genes are adjacent to these
loci: SPRED1 at 15q14, CHSY1 at 15q26.3, and CSTB at
21q22.3. Future work is needed to determine whether these
candidates are related to USH1. 

• ASSOCIATION OF CANDIDATE GENES WITH RETINOPA-

THY OR DEAFNESS: To further validate our candidate
genes, we screened RetNet, 28 SHIELD, 29 and DVD 

30 to
identify any association between our candidate genes and
VOL. 290 SEARCHING FOR NEW GENES T
nherited retinal diseases (IRDs) and/or deafness in human
opulations. 

Among human orthologues of our candidate gene set,
TP8B1 is within the CORD1 locus, MPDZ can cause AR
acular degeneration, and ADIPOR1 is known to cause re-

essive syndromic retinopathy as part of BBS, autosomal
ominant (AD) RP, and syndromic or systemic diseases
ith retinopathy (AR). 
In terms of hearing disability, pathogenic variants in

DUA were associated with hearing impairment in a pa-
ient with Hurler-Scheie syndrome. 48 RNF10 is within
he mapped loci of DFNA25 and DFNA41. In addition,
HAT CAUSE USHER SYNDROME 267



FIGURE 3. Fundus imaging, electroretinogram, and auditory 
brainstem response tests revealed retinal and hearing abnormal- 
ities in Mpdz knockout mice. (A) Fundus imaging of 14-week- 
old WT (left) and Mpdz−/− (right) mouse revealed abnormal 
retina vasculature morphology in the KO mouse (indicated by 
an arrow). (B) ERG on 53 WT and four Mpdz−/− mice revealed 
significant reduction in cone b-wave, rod b-wave, and rod a- 
wave amplitudes of Mpdz−/− mice ( P < .0001). (C) Compared 
with the WT mice (red lines), Mpdz− / − mice (blue lines) had 
significantly increased ABR thresholds for all tested frequen- 
cies, indicating hearing difficulties. For each tested frequency, 
P value was generated by combining the ABR values of males 
( n = 4 KO, 591 WT) and females ( n = 4 KO and 606 WT) 
of the same group. ABR = auditory brainstem response; dB 

SPL = decibel sound pressure level; ERG = electroretinogram; 
KO = knockout; WT = wild type. 
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CHSY1 is associated with both the DFNA30 and OTSC1
loci. Furthermore, missense variants of CHSY1 may be
causative of hearing impairment. 49 

• MPDZ KO MOUSE MODEL, ONE OF THE CANDIDATE

GENES FOR INHERITED DSI SYNDROMES: Based on the
IMPC database, the Mpdz−/− mice had abnormal retina
morphology, defined by a structural anomaly of the neural
retina, along with abnormal retinal blood vessels and vascu-
lature morphology, compared with the WT mice ( Figure 3
A). In addition, ERG recordings revealed a significant re-
duction in cone b-wave, rod b-wave, and rod a-wave ampli-
tudes ( P < .0001, Figure 3 , B). ABR test results ( Figure 3 ,
268 AMERICAN JOURNAL OF OPHT
), conducted by the IMPC, revealed that mutant mice
ere associated with reduced hearing, evident by an in-
reased ABR threshold. The increase in ABR threshold is
vident across all frequencies tested (6-30 kHz). The KO
as tested in the early adult stage of life. Retinal transcrip-

omic data from the Plae 25 database illustrate the expres-
ion of this gene in both human and mouse retina (Supple-
entary Figure 2), specifically in rod photoreceptors and/or
PE cells. The expression of Mpdz in the mouse and hu-
an inner ear HCs (Supplementary Figures 4, 7, and 8) is

emonstrated by the gEAR database. 26 

According to the IMPC database, mice lacking
pdz exhibit abnormalities in other physiological sys-

ems: homeostasis/metabolism (improved glucose tol-
rance, increased circulating potassium level), behav-
or/neurological (decreased grip strength, decreased startle
eflex), growth/size/body region, and cardiovascular system
increased heart weight). As Charge syndrome symptoms
nclude hearing loss, retinal and macula coloboma, re-
arded growth/development, and heart disease, 2 the Mpdz
O mouse could be a model for this syndrome. Similarly,

his gene can be considered as a possible candidate for
earns-Sayre syndrome and maternally inherited diabetes
nd deafness due to the cardiac and behavior/neurological
bnormalities found in Mpdz−/− mouse line. Although the
bnormal phenotypes resulting from loss of this gene do not
xactly phenocopy Charge, Kearns-Sayre syndrome, and
aternally inherited diabetes and deafness syndromes, they

hare significant similarities, which suggests a potential
ink with them. 

IMPC HISTOPATHOLOGY: The IMPC histopathologic
nalysis of the retina in a subset of the lines associated with
he candidate genes revealed definite abnormalities consis-
ent with the clinical phenotyping findings. A comparison
f the retina in the WT and Idua−/− mice revealed reduced
hickness in the outer nuclear layer and retina of Idua−/−

ice ( Figure 4 , A-C). Similarly, compared with WT, se-
ere outer retinal atrophy, including the outer nuclear layer
here rod nuclei are located, was detected in Chsy1−/− mice
 Figure 4 , D and E). However, not all IMPC in vivo testing
s corroborated by histopathology. For example, the compar-
son between WT and Chsy1−/− organ of Corti revealed no
bvious abnormality by routine histopathology ( Figure 4 , F
nd G) despite abnormal ABR test results (Supplementary
igure 1). Retinal lamination defects were observed in the
uter retina of Fer−/− and Fer+ /− mice, but they were in-
erpreted to be more likely due to the rd8 mutation present
n C57BL/6N mice, the background used by the IMPC 

50

Supplementary Figure 10, A-C). However, color fundus
maging of Fer -mutant mice revealed abnormal lesions that
ere different from the rd8 phenotype (Supplementary Fig-
re 11, A-C). Similarly, the retina and inner ear of Eef1d+ /−

ice had no obvious histopathologic abnormality (Supple-
entary Figure 10, D-F), despite having signs of abnormal

etinal morphology on slit lamp and ophthalmoscope ex-
HALMOLOGY MONTH 2026



FIGURE 4. Morphologic alterations in Idua−/− and Chsy1−/− mice. Comparison of representative histologic images of mouse retinal 
tissue between 15-week-old WT (A) and Idua−/− mice (B) revealed a reduction in total retinal thickness and thinning of the outer 
nuclear layer in the KO mouse (hematoxylin and eosin). (C) Optical coherence tomography analysis comparing retinal thickness in 

18 Idua−/ − mice (10 females and 8 males) vs 29 WT controls (13 females and 16 males) revealed a significant reduction in retinal 
thickness in the first group (data are in mean ± SEM; female P < .001, male P < .001, C). Comparison of 15-week-old WT (D) 
and Chsy1−/− mice (E) demonstrated outer retinal atrophy in the KO line (hematoxylin and eosin). Examination of the organ of 
Corti in WT (F) and Chsy1−/− mice (G) revealed no detectable abnormalities (hematoxylin and eosin). KO = knockout; WT = wild 
type. 
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aminations with an abnormal ABR test result, as reported
by IMPC. Although there is no available retinal or inner
ear histopathology imaging of Xrcc5, Spred1 , and Rnf10 KO
mice, fundus images revealed an abnormal retinal blood
vessel pattern in all 3 lines, with retinal degeneration found
only in Xrcc5 and Spred1 KO mice (Supplementary Figure
11, D-H). Comparison of ERG studies on WT and Rnf10−/−

mice revealed that the amplitude of the rod a-wave and rod
b-wave is significantly reduced in Rnf10−/− mice (Supple-
mentary Figure 11, I, P = .0278, and Supplementary Figure
11, J, P < .0001). 

• SCLT1 KO MOUSE, AS A MODEL OF BBS: BBS is a DSI syn-
drome and ciliopathy, similar to USH, which manifests as
retinal degeneration, hearing difficulty, renal dysfunction,
obesity, hypogonadism, postaxial polydactyly, and cogni-
tive impairment, typically with an AR inheritance. 2 Dur-
ing our screening of IMPC KO mouse lines, 9-15 we noticed
that knocking out Sclt1 , a putative ciliopathy gene, 31 led
to posterior synechiae, retinal degeneration, polycystic kid-
ney, and polydactyly ( Figure 5 ), confirmed by histopathol-
ogy. In addition, the gEAR database reported the expres-
sion of this gene in the inner ear HCs of both humans and
mice. 26 

According to DAVID/Reactome, the signaling pathways
to which SCLT1 contributes are cilium assembly, anchoring
of the basal body to the plasma membrane, and organelle
VOL. 290 SEARCHING FOR NEW GENES T
iogenesis and maintenance. These pathways are simi-
ar to the signaling pathways of confirmed BBS causative
enes. 2 , 23 , 24 

Sclt1 homozygous KOs (HOM) are subviable, with fewer
han 12.5% of HOM surviving to genotyping age, and all
OM mice died or were euthanized approximately 3 weeks

f age. Only histology/histopathology studies were done on
O mice. The results of examinations of HET mice for reti-
al and hearing phenotypes were not significant, consistent
ith an AR mode of inheritance observed in BBS. Further-
ore, in a previously published study done by Morisada and

ssociates, 51 identical compound heterozygous SCLT1 mu-
ation was reported in 2 unrelated patients with a clini-
al diagnosis of BBS. 51 Therefore, Sclt1 -mutant mice might
e a good model for BBS due to phenotyping similari-
ies with this syndrome. It would be informative to test a
atient-specific variant on this background using a condi-
ional model and/or this allele in a different strain back-
round to determine whether the mice live long enough to
ndergo in-life phenotyping. 

SLC20A2 IS A CANDIDATE GENE FOR USHER SYN-

ROME: GS in 230 unsolved IRD cases identified 1 USH
roband (OGI767_1502) with a heterozygous rare variant
c.215A > C; p.Lys72Thr) in exon 2 of the Solute Carrier
amily 20 Member 2 ( SLC20A2 ) gene, a human ortho-
ogue of 1 of the 18 mouse candidate genes, which en-
HAT CAUSE USHER SYNDROME 269



FIGURE 5. Sclt1−/− mice had eye, kidney, and skeletal ab- 
normalities consistent with ciliopathy. (A) Eye section, reveal- 
ing posterior synechia of the iris to lens (indicated by arrows). 
(B) Retinal histology revealing retinal atrophy in the outer nu- 
clear layer and outer plexiform layer (indicated by arrows). (C) 
Kidney section revealing multiple dilated tubules forming cys- 
tic structures, granular eosinophilic material (probably protein), 
and red blood cells, is evident (indicated by arrows). (D) Sec- 
tion of the hind paw revealing 2 first phalanges (indicated by an 

arrow) (hematoxylin and eosin). 
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codes a member of the inorganic phosphate transporter
family ( Figure 6 , A). Variants in this gene have been previ-
ously associated with dominant primary familial brain cal-
cification (also known as Fahr’s syndrome, OMIM 213600),
which manifests with parkinsonism. 52 Sanger sequencing
confirmed the presence of the p.Lys72Thr variant in the
proband and excluded it from his unaffected mother and
maternal half-sister ( Figure 6 , A). However, as DNA from
the reportedly unaffected father was not available, we
could neither confirm de novo inheritance nor autoso-
mal dominant inheritance with incomplete penetrance.
A known pathogenic heterozygous variant (c.5237G > A;
p.Arg1746Gln) in CDH23 , a gene associated with reces-
sive USH type 1, was also identified on panel-based testing
and confirmed on GS, but no second allele was found. Like-
wise, pathogenic variants in other USH-associated genes
were excluded. 

The SLC20A2 c.215A > C; p.Lys72Thr missense vari-
ant was absent from the GnomAD v.4 population
database ( https://gnomad.broadinstitute.org ), 53 as well as
the LOVD 

54 and ClinVar 55 databases, both of which con-
tain curated patient variant data. The p.Lys72Thr vari-
ant was predicted to be likely causal by several in sil-
ico predictors (CADD score: 24.9; REVEL: 0.809; Al-
phaMissense: 0.644; MetaDome Mutation Intolerance:
0.21) but not by SpliceAI (score = 0), suggesting that
270 AMERICAN JOURNAL OF OPHT
he underlying pathogenic mechanism is unlikely to af-
ect splicing. Furthermore, using ChimeraX to model the
. Lys72Thr change on the AlphaFold-predicted structure
f the SLC20A2 protein, we observed that the introduced
hreonine at residue 72 is predicted to disrupt a hydrogen
ond with the glutamine residue at position 528 and gen-
rate an additional hydrogen bond with the glutamic acid
esidue at position 68, thus suggesting a change in protein
olding ( Figure 6 , B). 

OGI767_1502 is a 66-year-old man diagnosed with hav-
ng USH type 1 secondary to profound congenital sen-
orineural hearing impairment and RP. He was initially di-
gnosed with having RP at age 19 years with complaints of
ecreased night and peripheral vision loss at that time. At
ge 20 years, his corrected visual acuity was 20/30 in the
ight eye (OD) and 20/30 in the left eye (OS) with fundus
ndings typical of RP. Full-field electroretinography at age
0 years revealed near-nondetectable responses to scotopic
right flash and nondetectable responses to the 30 Hz stim-
lus. Goldmann perimetry at age 21 years was reported to
eveal constriction in each eye to 10–15 °and 15–20 ° to the
4e and V4e targets, respectively. ERG was later repeated
ith bandpass filtering and signal averaging to enable de-

ection of 30 Hz responses: at age 35 years, responses were
.4 uV OD and 1.6 uV OS with prolonged implicit times,
ut at age 56 years, responses had decreased to 0.68 uV OD
nd 0.91 uV OS. 

At age 66 years, visual acuity had decreased to 20/100
D and 20/200 OS, with dry eye and cataract also be-

ng contributory factors. Fundus examination continued to
eveal typical features of RP ( Figure 6 , C), whereas fun-
us autofluorescence (FAF) OD revealed preserved FAF
n the central macula but diffuse reduction and absence
f FAF in the peripheral macula extending through the
isible periphery ( Figure 6 , D). Goldmann perimetry us-
ng the I4e and V4e targets revealed generalized constric-
ion of 10 ° and 20 °, respectively. Optical coherence to-
ography OD revealed outer retinal bands, including the

llipsoid zone, present centrally but attenuated in the pe-
ipheral macula. Cystoid macular edema was also present
nd was treated with acetazolamide. His medical history
lso included learning disability and Parkinson’s disease,
ith the latter diagnosed after age 60 years. As variants

n SLC20A2 are known to cause the parkinsonism found
n Fahr’s syndrome, the novel c.215A > C; p.Lys72Thr may
nderlie the patient’s neurologic condition and may also
ead to the USH1 symptoms, though with the current ge-
etic evidence, it is classified as a variant of uncertain
ignificance. 

DISCUSSION 

y analyzing different mutant mouse lines, we aimed
o identify novel DSI-associated candidate genes, their
HALMOLOGY MONTH 2026
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FIGURE 6. SLC20A2 is a candidate gene for Usher syndrome. (A) Pedigree of an Usher syndrome type 1 family in which the 
affected proband (1502) harbors the missense variant p.(Lys72Thr) in SLC20A2 , which is not present in the unaffected mother 
(1503) and maternal half-sister (1504). (B) ChimeraX-generated model of native (left) and mutated (right) SLC20A2 protein . 
The p.Lys72Thr is predicted to alter the hydrogen bonds (indicated by purple dotted lines) with residues of Glutamic acid (Glu) 
and Glutamine (Gln) at positions 68 and 528, respectively. (C) Fundus and (D) fundus autofluorescence pictures of the affected 
proband revealing findings typical of retinitis pigmentosa. 
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molecular functions, and signaling pathways. Our goal was
to provide justification for research to determine disease
causality, expand the genetic diagnosis in currently un-
solved patients, and identify novel genotype-phenotype
associations. 

We found 18 novel candidate genes associated with hear-
ing and retinal phenotypes in mouse KO lines. All these
lines also demonstrated effects on other physiological sys-
tems, expanding the scope of our study to other causes
of inherited DSI beyond USH. The abnormal constella-
tion of phenotypes manifested in different physiological sys-
tems does not fully overlap with human disease owing to
species-specific differences and the “snapshot-in-time” ap-
proach of the IMPC phenotyping pipeline. It is also possi-
ble that human patients may not undergo as comprehen-
sive systemic phenotyping as mouse models. Human muta-
tions may also be hypomorphic or neomorphic rather than
loss-of-function alleles in mouse knockouts, because the lat-
ter are targeted deletions predicted to lack all gene func-
tion. Furthermore, inherited DSI syndromes are relatively
uncommon in humans and may not yet be fully character-
ized. For instance, there have been reports of bronchiecta-
sis, somatosensory deficit, reduced sperm motility, and ol-
factory loss in patients with USH. 5 Therefore, our candi-
date gene set could be considered for both USH and other
VOL. 290 SEARCHING FOR NEW GENES T
nherited DSI syndromes. Finally, the OMIM database has
eported on 11 of 18 candidate genes that were identified to
ave a known association with other non-sensory pheno-
ypes, mostly neurodevelopmental disorders (Supplemen-
ary Table 1), 6 of which are reported to impair vision and/or
earing in a subset of patients. Ophthalmic involvement

n PIGQ patients includes vertical nystagmus, hyperopia,
stigmatism, and cortical visual impairment; IDUA muta-
ion led to retinal degeneration, which often occurs in mu-
opolysaccharidosis type I, and hearing impairment in a
urler-Scheie syndrome patient; ANKRD11 and CHSY1
ere associated with mixed hearing loss and SNHL, respec-

ively; patients with MPDZ mutation had retinal involve-
ent, including foveal dysplasia with a thin inner retina,

nd SNHL; EEF1D patients were reported to have optic
trophy in 3 patients and retinal pigmentary abnormali-
ies in 1. Phenotypic differences could be due to allele type
nd/or genetic background differences that modify gene
unction. 

One of the human orthologues leading to nonsensory
henotypes is SLC20A2 , which causes dominant primary
amilial brain calcification (also known as Fahr’s syndrome),
 condition that manifests with parkinsonism. The OMIM
atabase has also reported early onset epilepsy, develop-
ental delay, and mental retardation in patients harboring
HAT CAUSE USHER SYNDROME 271
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SLC20A2 mutations. In 1 patient with USH1 and parkin-
sonism manifested at typical onset ( > 60 years old), we iden-
tified a rare missense variant in this gene, p.Lys72Thr, that
is predicted to be likely causal. This variant has never been
reported in any patient with Fahr’s syndrome, and on Clin-
Var, the only missense variant affecting the same position
(p.Lys72Arg) has been classified as variant of uncertain sig-
nificance after being reported as part of a commercial ge-
netic panel for inborn genetic diseases. Despite the interest-
ing genetic finding in our patient, the lack of further USH1
patients with variants in SLC20A2 and its clear association
with Fahr’s syndrome do not allow us to present this finding
fully as a novel genetic association, but rather as a candi-
date gene for USH1. Therefore, recognizing known disease
associations for these candidate genes using existing genetic
databases remains a crucial step in validating any novel as-
sociation and proposing a candidate gene for genetic testing
panels. 

The literature search on KO and/or HET mouse lines of
USH genes and inherited DSI genes revealed that mouse
lines of other non-USH inherited DSI genes had higher
fidelity regarding retinopathy, suggesting that these genes
could affect parts of the photoreceptors that may be sim-
ilar between humans and mice. This observation supports
the conclusion that USH genes likely participate in ca-
lyceal processes and the periciliary membrane, which are
more prominent in primate photoreceptors than in those of
rodents. However, other DSI genes may function in other
photoreceptor compartments, which may be more simi-
lar among these species. Because our candidate genes fre-
quently had additional phenotypes beyond retinal and hear-
ing abnormalities, we expect that a few genes are responsi-
ble for USH, with most being associated with other DSI
syndromes. 

Investigating the cellular expression of USH genes and
our candidate gene set in both species revealed no ex-
pression of some of the established USH genes ( USH1G,
CLRN1 ) in either rods or RPE cells of the human retina.
Nevertheless, mutation of either of these genes causes
RP as part of the USH phenotype. Therefore, we con-
clude that some bona fide disease-causing genes may es-
cape the resolution of single-cell transcriptomics. Accord-
ingly, the expression of C1orf116 and ATP8B1 was de-
tected neither in RPE cells nor in rod photoreceptors.
This could be due to a low level of expression or to cell
non-autonomous effects; however, the absence of expres-
sion of these genes does not preclude a role for them in
disease. 

Protein interaction analysis of our gene sets revealed
2 interactions between proteins encoded by candidates
(DYRK1B and FER) and ciliopathy genes. The dual-
specificity tyrosine-regulated kinase ( DYRK ) family and
FER are both evolutionarily conserved genes. 56 , 57 Cell pro-
liferation, apoptosis, differentiation, and survival are man-
aged by the DYRK family through altering protein acti-
vation status, cellular localization, and turnover. 56 Other
272 AMERICAN JOURNAL OF OPHT
YRKS have been involved in regulating the primary cil-
um (10.1038/s42003-025-08373-5); DYRK1B modulates
he activity and protein stability of GLI transcription fac-
ors, which are critical mediators of the Hedgehog sig-
al that operates through primary cilia (10.18632/on-
otarget.13662; 10.2337/db25-196-OR). FER is a non-
ransmembrane receptor tyrosine kinase within the fes / fps
amily with ubiquitous expression. 57 This gene partici-
ates in cell survival, cytoskeleton rearrangement, epithe-
ial maintenance, and leukocyte differentiation and chemo-
axis. 57 FER is involved in ciliary function and hence may
ause DSI. The other 16 candidates we identified do not
ave predicted interactions with ciliopathy or DSI pro-
eins or with one another at a 0.9 confidence level, de-
pite being expressed in rods and HCs. This finding suggests
hat this cohort of relatively understudied genes may un-
erlie heretofore unappreciated mechanisms of DSI, such
s USH. Accordingly, bioinformatic study pointed to novel
unctions of candidate genes that were not present among
SH and other DSI gene sets. Gene ontology analysis indi-

ated that the candidate gene set is involved in “molecular
daptor activity” (GO:0060090) and “transporter activity”
GO:0005215). These GO terms were not found among
xisting USH or other DSI gene sets. Subsequent study of
andidate genes will elucidate their role in sensory neurons
nd the degree to which they affect vision and hearing in
eople. 

Through our literature review, we observed that some pa-
ients with USH with mutations in the scaffold USH1C ,
hich is a confirmed USH1 gene, exhibit severe inflam-
atory enteropathy and nephropathy along with vision

nd auditory loss. USH1C is shared between the inter-
icrovillar adhesion complex (IMAC), a complex re-

uired for the proper organization of enterocytes’ apical
icrovilli in the form of a brush border, and the USH

omplex, although the splice isoforms used between the
 complexes vary. 58 CALML4 , a novel IMAC compo-
ent, is highly expressed at the distal tips of enterocytes’
icrovilli and the stereocilia of HCs, the main action

ites of the IMAC and USH complex, respectively. Co-
mmunoprecipitation experiments in a published study re-
ealed that this gene functions as a light chain by interact-
ng with the neck region of both MYO7B in IMAC and

YO7A in the USH complex. 58 In addition, in a genome-
ide linkage screen performed on 2 consanguineous Pak-

stani families with the USH1 phenotype, CALML4 is re-
orted within the USH1H locus. 59 Thus, a mutation in
his gene may result in USH1H. Future studies on Calml4
O mice generated by the IMPC will help clarify this

ssue. 
Studying retinal abnormalities using IMPC mice is

omplicated by the presence of the Crb1rd8 variant in
57BL/6N mice, the background on which all IMPC mice
ere generated, 60 which is associated with a slowly progres-

ive photoreceptor degeneration. 61 To mitigate the num-
er of false positive hits during eye screening, phenotyp-
HALMOLOGY MONTH 2026
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ing staff were trained to distinguish the background level of
retinal dysplasia in Crb1rd8 mice. The examiners were also
masked to the genotype of the mice, and WT mice were
mixed in with KO animals. We consider the retinal hits
identified by IMPC phenotyping to be a sensitized screen
with an overrepresented proportion of lines with abnor-
mal retinas, some of which may be genetic modifiers of
Crb1 . 62 Some of these KO lines may not have any reti-
nal abnormality independent of Crb1rd8 , 50 which is a lim-
itation of this study. To maximize the rigor of this study
and minimize the chance of false positive genes, we im-
posed an additional threshold of only including mouse lines
that had bilaterally symmetric retinal findings. Neverthe-
less, some lines, such as Fer and Eef1d could not be cor-
roborated with routine histopathologic studies. As all test
elements of the IMPC phenotyping process are performed
at a single time point, more comprehensive longitudinal
evaluation of the Eef1d and Fer lines may reveal more al-
terations in retinal and/or inner ear histopathology. Sim-
ilarly, the onset of symptoms in different types of USH
varies from the appearance of RP within the first decade
of life and typically congenital SNHL in USH1 patients
to the appearance of USH4 symptoms, usually approxi-
mately 40 years of age. 2 EEF1D 

63 and PIGQ 

64 mutations
have been previously associated with retinopathies in pa-
tients. Furthermore, ATP8B1 deficiency in patients was re-
ported to cause hearing loss. 43 All were not mentioned
in the RetNet, DVD, or SHIELD databases, highlighting
the importance of further studies on our candidate genes
list. 

Our study highlights the power of mouse models to iden-
tify novel causative genes for human diseases, including
inherited retinopathies and deafness. This strategy con-
tributes to a greater understanding of the related molec-
ular functions and signaling pathways underlying single-
gene disorders and promotes enhanced genetic diagno-
sis. Furthermore, we identified known disease associations
of the candidate genes. We advocate using existing ge-
netic databases to further assess any human correlations
before adding the candidate genes to genetic testing pan-
els. We would also strongly suggest that this study is an
example of discoveries that can be made only by us-
ing an in vivo model and that cannot be replaced by
a novel alternative methodology or other non-in vivo
systems. 
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