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Abstract

Hereditary hearing loss is a highly genetically heterogeneous disorder. More than 150 genes have been identified to link to human
non-syndromic hearing impairment. To identify genetic mutations and underlying molecular mechanisms in affected individuals and
families with congenital hearing loss, we recruited a cohort of 389 affected individuals in 354 families for whole-exome sequencing
analysis. In this study, we report a novel homozygous missense variant (c.233A > G, p.Lys78Arg) in the OXR1 gene, which was identified
in a 4-year-old girl with sensorineural hearing loss. OXR1 encodes Oxidation Resistance 1 and is evolutionarily conserved from zebrafish
to human. We found that the ortholog oxr1b gene is expressed in the statoacoustic ganglion (SAG, a sensory ganglion of ear) and posterior
lateral line ganglion (pLL) in zebrafish. Knockdown of oxr1b in zebrafish resulted in a significant developmental defect of SAG and pLL.
This phenotype can be rescued by co-injection of wild-type human OXR1 mRNAs, but not mutant OXR1 (c.233A > G) mRNAs. OXR1-
associated pathway analysis revealed that mutations of TBC1D24, a TLDc-domain-containing homolog gene of OXR1, have previously
been identified in patients with hearing loss. Interestingly, mutations or knockout of OXR1 interacting molecules such as ATP6V1B1
and ESR1 are also associated with hearing loss in patients or animal models, hinting an important role of OXR1 and associated partners
in cochlear development and hearing function.

Introduction
Hearing loss is the most common form of sensory disorder in
humans, affecting 360 million persons worldwide. Nearly one in
1000 newborns has congenital hearing impairment, and >50%
congenital hearing loss is attributable to heredity. More than
150 genes have been found to cause hearing impairment (1–3).
Approximately 30–40% of hereditary deafness are syndromic and
60–70% are non-syndromic (4). More than 400 syndromes have
been identified that include hearing loss. Several syndromes with
hearing loss, such as Pendred syndrome (OMIM: 274600), Waar-
denburg syndromes (OMIM: 131244; OMIM: 193510, etc.), BOR
syndrome (OMIM: 113650) and Usher syndromes (OMIM: 276900;
OMIM: 605472, etc.), are often reported (5).

Next-generation sequencing (NGS) technologies have been
widely used for identification of causative DNA variants in
various Mendelian disorders. Specific gene mutations in patients
with hearing loss could to be identified by genomic sequencing
analyses (6). Mutations in the POU3F4 gene were first discovered
in 1995 as a cause of non-syndrome hearing loss (NSHL) (7).
Mutations in GJB2 and GJB3, which are a common cause of NSHL
in many populations, were subsequently identified (8,9).

In a national survey of disabled persons in China, 27.8 million
people were found to have hearing and speech disability (10).
Nearly 30 000 babies are born with congenital sensorineural hear-
ing loss (SNHL) each year (11,12). Previously, studies have shown
that variations in GJB2, SLC26A4, mtDNA and GJB3 are the most
common variants associated with NSHL in the Chinese population
(13). However, the mutation spectrums of congenital hearing loss
are broad and diverse in Chinese. Most mutations are extremely
rare and are only detected in a single or a few families (14).

We recently recruited a cohort of 389 individuals in 354 families
with congenital hearing loss for whole-exome sequencing (WES)
analysis. Here, we report the identification of a novel missense
variant (c.233A > G, p.Lys78Arg) in the OXR1 gene in a child with
congenital NSHL by quad-WES analyses. We generated an animal
model to investigate the role of the orthologue gene of OXR1 in
auditory organ development of zebrafish.

Result
Clinical description of the affected individual
The proband is the second child of non-consanguineous healthy
Chinese parents (Fig. 1A). She was born by caesarean section at
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Figure 1. (A) Three-generation family pedigree for the affected individual.
(B) Pure tone audiometry shows bilateral severe SNHL. ABR is absent
under maximum stimuli. (C–E) Cranial MRI (axial) shows normal inner
ear structure and a variant PICA. AN, auditory nerve. (F) HRCT of temporal
bone shows normal bony inner ear structure.

term (38+4 W) after an uneventful pregnancy. Her birth weight
was 3000 g and body length 50 cm. She failed to pass neonatal
hearing screening. Audiological examinations, including visual
reinforcement audiometry, auditory brainstem responses (ABRs),
multifrequency steady-state response (ASSR) and distortion prod-
uct otoacoustic emission (DPOAE) at 6 months, 1 year and 2 years
of age, indicated that she had bilateral severe SNHL (Fig. 1B).
Brain magnetic resonance imaging (MRI) (Fig. 1C–E) revealed that
the left posterior inferior cerebellar artery (PICA) was tortuous,
which was considered as an anatomic variation. High-Resolution
Computed Tomography (HRCT) scan did not find pathological
changes of her temporal bone (Fig. 1F).

The affected girl started to use a hearing aid for both ears at 2-
year-old. She had mild speech delay and spoke in short sentences.
Her intellectual ability and behavioral evaluation were normal.
She also had a good athletic ability. No hearing loss history was
found in other family members. In physical examination, her
occipital frontal head circumference and her height were within
normal ranges. EEG and other neurological examinations were
also normal.

Identification of a novel homozygous missense
mutation in OXR1
Parents-children quad-WES analysis for all the family members
identified a previously undescribed homozygous missense

mutation (c.233A > G, p.Lys78Arg, Fig. 2A) of the OXR1 gene
(GenBank acc. no., NM_001198533) in the 4-year-old girl with
hearing loss. Her parents and her elder sister were all heterozy-
gous carriers of this allele. This variant was extremely rare
(f = 0.000184, homozygous = 0 in gnomAD database). To check
the frequency of this allele in local population, 50 unrelated DNA
samples were examined by Sanger sequencing with the primers
specific for the c.233A-containing region. However, no c.233A > G
or other variants were identified from these samples, confirming
c.233A > G in the OXR gene is a rare variant.

Multiple-sequence alignment showed that the Lys78 is
evolutionarily conserved in all vertebrates from zebrafish to
human (Fig. 2B). Potential pathogenetic effect of this variant
was predicted to be likely pathogenic by several commonly
used tools, including Polyphen-2_HVAR, MutationTaster, VEST3,
CADD (Supplementary Material, Table S1). However, several other
tools like SIFT, Provean and Varsome predicted to be tolerable
or uncertain significance (Supplementary Material, Table S1).
Therefore, it is likely that the heterozygote carriers like the
proband’s parents are phenotypically normal, whereas the
homozygote carrier like the proband could be affected.

According to UniProtKB and SmartMotif, the encoded OXR1
protein contains three domains (Fig. 2A): LysM (p.99–p.142), GRAM
(p.208–p.275) and TLDc (p.713–p.874). Human Genomic Mutation
Database (HGMD) listed two previously reported OXR1 variants:
the heterozygous p.W5∗ variant was identified from three siblings
with language impairment and the de novo heterozygous p.S192∗

from an individual with atrioventricular canal defects. Of note,
four bi-allelic LoF variants (p.S367∗, p.S442Vfs∗2, c.2082 + 1G > T
and c.2236-1G > C) in OXR1 were previously identified, but not yet
collected by HGMD, in five affected individuals with neurological
diseases, such as intellectual disability, developmental delay, cere-
bellar atrophy and seizures (Fig. 2A) (15). The three-dimensional
protein structure of OXR1 is first modeled to predict the effect of
the missense mutation on the protein using AlphaFold 2 protein
structure database (https://alphafold.ebi.ac.uk/). More detailed
analysis using SPDBV program reveals a new hydrogen bond is
generated between the mutated residue R78 and Q77, which is
not seen in the wild-type residue K78 (Fig. 2C).

Expression studies of OXR1 ortholog genes in
zebrafish
Previous studies showed that oxr1a and oxr1b expression are
enriched in the central nervous system in zebrafish (16,17). To
assess the role of OXR1 in auditory system, we first investigated
the expression patterns of oxr1a and oxr1b during zebrafish
embryo development. Whole-mount in situ hybridization (WISH)
was carried out using antisense RNA probes. As shown in
Figure 3A, maternal oxr1b transcript was detected at the one-
cell stage, but the zygotic expression of oxr1b was not observed
before or during the tailbud stage. At the 10-somite stage, oxr1b
transcript was present in the prechordal plate. Interestingly,
oxr1b was specifically expressed in the olfactory bulbs and
the tissues adjacent to anterior and posterior otic vesicle at
24 and 36 hpf (Fig. 3B and C). In addition, oxr1b was mainly
expressed in the central nervous system during later stages
(Fig. 3B). In contrast, there was no detectable expression of
oxr1a in statoacoustic ganglion (SAG) or posterior lateral line
ganglion (pLL). Instead, oxr1a was mainly expressed in the
central nervous system (Supplementary Material, Fig. S1), which
is consistent with previous report (18). These results indicate
that oxr1b is possibly expressed in the SAGs and pLLs around
the developing inner ear. To further confirm this, two-color
fluorescent hybridizations were performed in the Tg(HuC:GFP)
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Figure 2. Mutation analysis of OXR1. (A) The current c.233A > G, p.Lys78Arg mutation as indicated by a green box and all reported six different LoF
mutations of OXR1 are mapped to the schematic OXR1 protein. (B) Multiple sequence alignment of 16 different species using ClustalW program. The
p.Lys78 residue as indicated by a red arrow is evolutionarily conserved from zebrafish to human. (C) Three-dimensional protein structure analysis using
SPDBV program for protein active site interactions reveals a new hydrogen bond (indicated by a dotted green line) is generated between the mutated
residue R78 and Q77 (right), which is not seen in the wild-type residue K78 (left).

embryos, where the SAGs and pLLs were labeled with GFP. Clearly,
oxr1b transcripts (in red) were colocalized with the GFP signals in
SAGs and pLLs at 24 and 36 hpf (Fig. 3D).

Knockdown of oxr1b expression impairs SAG
development
To investigate the effect of oxr1b expression on SAG and pLL
development, we applied antisense morpholino oligonucleotides
(oxr1b MO) to block the splicing of oxr1b RNA at the junction
of exon3/intron3 (Fig. 4A). After injection of 4 ng oxr1b MO,
endogenous oxr1b mRNA expression was significantly reduced;
the interfered mRNA product was obviously elevated (Fig. 4B).

Meanwhile, these morphants showed a normal appearance
compared with the control embryos at 24 hpf (Fig. 4C). Notably, the
expression of oxr1b in SAG and pLL was almost totally abolished
in the morphants (Fig. 4D). These results indicate a high efficiency
of oxr1b MO in blocking the expression of oxr1b. We next examined
the expression levels of neurod1 and neurogenin1, two widely used
markers for SAG and pLL development (19), in wild-type embryos
and oxr1b morphants at 24 hpf. Obviously, oxr1b inactivation
was found to lead to a reduction of neurogenin1 expression in
both SAG and pLL (Fig. 5A). On the other hand, the expression
of neurod1 was clearly declined in SAG, but not in pLL (Fig. 5A).
These observations suggest that oxr1b may play a primary role in
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Figure 3. Expression of oxr1b in the SAG and pLL. (A) Analysis of oxr1b expression at different stages by in situ hybridization. (B) Lateral views (anterior
to the left. Scale bar, 50 μm) of oxr1b expression in SAG as indicated by black arrow heads and pLL indicated by red arrow heads at 24, 36, 48 hpf and 3
dpf. (C) Dorsal views of oxr1b expression at 24 and 36 hpf. Black and red arrow heads indicate SAG and pLL, respectively. Black dotted lines indicate otic
vesicles. (D) Spatiotemporal analysis of oxr1b expression in Tg (HuC:GFP) embryos. At 24 and 36 hpf, Tg(HuC:GFP) transgenic embryos are stained with
oxr1b probe (red), and then immunostained with anti-GFP antibody (green). The SAG and pLL are indicated by white and red arrowheads, respectively.
The otic vesicles are indicated by white dotted circles. SAG, statoacoustic ganglion; pLL, posterior lateral line ganglion.

SAG development. In supporting this finding, knocking down of
oxr1b expression in the Tg(HuC:GFP) transgenic embryos indeed
impaired the formation of SAG but not pLL (Fig. 5B). Therefore,
oxr1b is indeed required for SAG development.

K78R-containing OXR1 could not rescue SAG
formation defect
To confirm whether the c.233A > G;p.K78R mutation could affect
the function of OXR1 in SAG development, human wide-type or
mutant OXR1 mRNAs were co-injected with MO into one-cell stage
embryos. Overexpression of the wide-type OXR1 clearly rescued
the developmental defects of SAG (Fig. 6). However, co-injection

of the mRNAs encoding OXR1 K78R mutant failed to relieve the
defects in SAG formation (Fig. 6A). Thus, these results imply the
K78R mutation in OXR1 may contribute substantially to the SAG
development in zebrafish, hinting its pathogenic effects in SNHL
in the patient.

To assess whether the hearing is impaired in oxr1b morphants
or not, we examined the fast escape reflex. We first injected
4 ng or 5 ng of oxr1b-MO into wild-type embryos, which did
not impair the zebrafish hearing. Low dosage of oxr1b-MO may
not be sufficient to knockdown its function because the SAGs
development may be recovered during later embryo develop-
ment stages. However, when 6 ng of oxr1b-MO was injected, 5/6
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Figure 4. Knockdown of oxr1b expression using splice-blocking MO in zebrafish. (A) Schematic genomic structure of the oxr1b gene in chromosome
19. The MO targeting site (in red bar) is between exon 3 (E3) and intron 3 (I3). Locations of PCR primers are indicated by red arrows. (B) Evaluation
of effectiveness of the oxr1b MO. Note that the MO interfered oxr1b mRNA is increased in the morphants, whereas endogenous mRNA is significantly
deceased. β-actin is served as a control. (C) Morphological effects of wild-type embryos injected with 4 ng cMO or oxr1b MO. Scale bar, 200 μm. (D)
Expression of oxr1b in wild-type embryos injected with 4 ng cMO or oxr1b MO. Embryos are injected with indicated MO at the one-cell stage, and then
harvested at 24 hpf for in situ hybridization. The ratio of affected embryos is indicated. Note that oxr1b expression is disrupted in the morphants.

wild-type embryos became no response to external sound stim-
ulation. The velocity (mm/s) of their movements was close to 0.
Only 1/6 of zebrafish larvae showed a weak motor ability after
sound stimulation (Supplementary Material, Fig. S2).

Discussion
OXR1, also known as TLDC3, belongs to a conserved family of
genes related to the reactive oxygen species (ROS) in eukaryotic
species (20). OXR1 encodes Oxidation Resistance Protein 1,
which is predicted to enable oxidoreductase activity and to
protect cells and organisms against oxidative stress (21). OXR1
has been found to be a therapeutic target for several neu-
rodegenerative diseases, such as Parkinson’s disease, hyperoxia
induced retinopathy and neuronal damage (22). Previous studies
identified multiple bi-allelic loss-of-function mutations in OXR1
from five individuals with autosomal recessive cerebellar atrophy

and lysosomal dysfunction (15). However, no hearing loss was
reported in these affected individuals with brain developmental
disorders or epilepsy. Our case on the other hand may reveal
a specific effect of the extremely rare missense mutation
(c.233A > G, p.Lys78Arg) on hearing function.

Knockout Oxr1 in mice was found to cause apoptosis in the
granule cell (GC) layer of the cerebellum because of oxidative
stress conditions (23). In zebrafish, oxr1a and oxr1b (two ortho-
logues of Oxr1), were found to express in central nervous system
(18). Zebrafish oxr1a −/− displays a short life-span, premature ovar-
ian failure and increased expression levels of early stress response
genes, such as gpx1b, gpx4a, gpx7 and sod3a (16). Zebrafish oxr1b
−/− was previously shown to cause down-regulation of multiple
antioxidant genes, thereby resulting in hypersensitive to oxidative
stress (17).

Cochlea is an important auditory organ (24,25). Many qualita-
tive studies have shown that hearing loss is because of cochlear
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Figure 5. oxr1b is required for SAG development. (A) The expression
patterns of SAG markers (Neurod1 and Neurogenin1) embryos injected
with 4 ng cMO or oxr1b MO. Embryos are injected with indicated MO
at the one-cell stage, and then subjected to WISH at 24 hpf. Dorsal
views with anterior to the top. SAG and pLL are indicated by black
and red arrowheads, respectively. (B) Representative confocal images of
Tg(HuC:GFP) embryos injected with 4 ng cMO or oxr1b MO. SAG and pLL
are indicated by white and red arrowheads, respectively. Otic vesicles
are indicated by white dotted circles. SAG, statoacoustic ganglion. pLL,
posterior lateral line ganglion. Lateral views, anterior to the left. Scale
bar, 50 μm.

hair cell damage (26). The neurons of SAG are the key to receive
and emit sensory information through the hair cells (27). In
zebrafish, neurogenin1 and neurod1 have been demonstrated to
play important roles in the development of otic placode and
cranial ganglia, such as SAG, anterior lateral line ganglia and pos-
terior lateral line ganglia (28–30). However, how other genes that
contribute to statoacoustic neurons development and associated
hearing function are not fully understood.

In this study, we show for the first time that oxr1b (an ortholog
of human OXR1) is highly expressed in SAG in zebrafish and
plays a pivotal role in SAG neuron formation. To model the OXR1-
associated hearing loss because of the c.233A > G (p.K78R) variant
in OXR1, we knocked down oxr1b expression using antisense
splicing morpholino in zebrafish and found development defects
of SAG tissue in morphants. Moreover, rescue experiments via co-
injection of human wild-type OXR1 mRNA largely rescued the

MO-induced phenotypes,whereas the c.233A > G mutant OXR1
mRNA could not rescue the SAG defect. The oxr1b morpholino-
treated zebrafish embryos failed to show obvious response to the
C-startle stimulation, whereas the wide-type control larvae did.
However, oxr1b may also play a role in central nervous system in
late embryonic development because of its abundant expression
in the CNS region (Fig. 3B). Future studies, given a stable mutant
could be established by CRISPR/Cas9 genome editing technology,
can explore the underlying molecular mechanisms of OXR1 in the
hearing-associated pathway.

OXR1 protein contains three conserved domains: LysM, GRAM
and TLDc, the latter is known to be a core domain indispensable
to antioxidant defenses (15,21,31), which interacts with H2O2 via
oxidation of a reactive cysteine (Cys753) in TLDc (23). OXR1 is
localized in cytoplasm and controls mitochondrial resistance to
oxidative stress via regulating antioxidant pathways involving the
p21 molecule (32,33). In addition, our preliminary data showed the
stabilities of the OXR1 protein were not affected by the p.K78R
mutation (Supplementary Material, Fig. S3). However, whether or
not the p.K78R mutant affects antioxidant process remains to be
elucidated.

Previous studies showed that OXR1 and its homologues NCOA7
are associated with the V-ATPases (34). However, no evidence
was shown that NCOA7 is also expressed in cochlear. Therefore,
further analysis of OXR1 protein interactome in cochlear-
associated tissues may reveal OXR1-associated molecular-genetic
mechanisms underlying hearing loss. For instance, TBC1D24 is a
homolog of OXR1 in the family of TLDc-domain-containing genes
(21). At least 27 different mutations (21 missense and 6 LoF vari-
ants) in TBC1D24 have been identified in affected individuals with
hearing loss (35–37). Notably, >70 different variants in OXR1 have
been linked to epilepsy, intellectual disability and other develop-
mental defects (HGMD). On the basis of String database (https://
string-db.org/, Version 11.5) (38), OXR1 is linked to 10 predicted
functional partners (Supplementary Material, Fig. S4). Interest-
ingly, the hearing-loss-causal gene ATP6V1B1 was predicted to
interact with OXR1 and also confirmed by experiment analyses
(34). As we know, at least 26 different variants of ATP6V1B1 have
been identified in patients with hearing loss (HGMD).

In addition, protein–protein interacting analysis in mouse
revealed that OXR1 also interacts with ESR1 (Supplementary
Material, Fig. S5), which was confirmed by associated experiments
(39). It is known that both Esr1 and Esr2 are present in some
neurons of the inner ear, suggesting their specific functions
in hearing (39). Specially, Esr2 knockout mice showed absence
of hear cells and became deaf at 1 year of age, suggesting
estrogen has a direct effect on the hearing function (39). At
human level, mutations in ESR1 have been linked to multiple
disorders, including autosomal recessive estrogen resistance
(OMIM: 615363) and autosomal dominant migraine (OMIM:
157300). Mutations in ESR2 were also linked to autosomal
dominant Ovarian dysgenesis 8 (OMIM: 618187). Therefore, both
ESR1 and ESR2 could be good candidate genes for affected
individuals with hearing loss.

Taken together, we identified a homozygous missense muta-
tion in the novel candidate gene OXR1 in a patient with hearing-
loss. Functional studies demonstrated that knockdown of oxr1b
expression in zebrafish dramatically affects SAG development.
Furthermore, human wild-type OXR1 mRNA, but not the p.K78R
missense mutation-containing mRNA, could rescue the oxr1b-
knockdown-associated SAG development defects. As a novel
candidate gene, additional mutations in OXR1 should be screened
from larger populations with hearing loss.

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac229#supplementary-data
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Figure 6. oxr1b inactivation-induced SAG defect is rescued by overexpression of wide-type human OXR1 but mutated OXR1 (mOXR1, c.233A > G).
Tg(HuC:GFP) embryos were injected with indicated MO and mRNA at the one-cell stage, and then harvested at 24 hpf for live-imaging. The otic vesicles
are indicated by white dotted circles. SAG, statoacoustic ganglion; pLL, posterior lateral line ganglion. Injection dose: cMO, 4 ng; oxr1b MO, 4 ng; OXR1
mRNA, 50 pg; mOXR1 mRNA, 50 pg. Scale bar, 50 μm.

Materials and Methods
Clinical evaluation
A cohort of 389 affected individuals in 354 families with congeni-
tal hearing loss were recruited for WES analysis. Neonatal hearing
screenings were examined using automated otoacoustic emis-
sions measurements (Interacoustics otoread-screener, Szczecin,
Polska, Poland). Detailed medical histories were collected for all
affected individuals and their families, including basic informa-
tion, gestation and birth history, drug use during pregnancy and
their family histories. Investigations were carried out on the basis
of the patients’ clinic symptoms and histories. General physical
examination, mental and behavioral tests, audiology and speech
tests, radiological investigations, such as high-resolution CT and
MRI scans, were performed for each of the affected individuals.

WES and bioinformatics analysis
Genomic DNAs were extracted from peripheral blood cells of the
participants. Whole-exomes were captured by SureSelect Human
All Exon kit (Agilent), followed by high-throughput sequencing by
HiSeq2000 sequencer (Illumina Inc.). Genomic reads were aligned
for SNP calling and further analysis for identification of delete-
rious variants which are predicted by multiple commonly used
programs, such as MutationTaster, Polyphen-2 and SIFT. Detected
variants with minor allele frequency (MAF) > 0.001 on the basis of
gnomAD or in-house Chinese Exome Database were eliminated.
Selected variants in candidate genes were further verified by
Sanger sequencing with specific primers.

Zebrafish embryo preparation and startle
response test
Wild-type (Tübingen) and Tg(HuC:GFP) zebrafish lines were main-
tained under standard laboratory conditions. All live zebrafish
embryos were raised at 28.5◦C in Holtfreter’s solution and staged
by morphology as previously described (40). All zebrafish experi-
ments were approved and carried out in accordance with the Ani-
mal Care Committee at the Institute of Zoology, Chinese Academy
of Sciences (Permission number IOZ-13048). Sound-evoked C-
shaped startle response for zebrafish with or without hearing loss,
as previously described (41), was examined at 5 dpf in a well-plate
and recorded using a camera. Pure tone stimulations (600 Hz,
80 dB) were administered.

Whole mount in situ hybridization
Total RNAs were extracted by using TRIzol reagent (15596018,
Invitrogen) at 24 h post fertilization (hpf), and reverse-transcribed
into cDNA using ReverTra ace kit (Toyobo, Osaka, Japan).
The produced total cDNAs were used to amplify required
segments of oxr1a (ENSDART00000159249.2) and oxr1b (ENS-
DART00000151137.3) transcripts by two pair of primers: 1)
oxr1a, forward 5′-AGGAATCACTCATGCAAAACCTTCG-3′; reverse
5′-CGAAGAAGAGCTCTGTATTAAATGC-3′; 2) oxr1b, forward 5′-
AAACTTTCAGACCCAATCTCACCGA-3′ and reverse 5′-CCACGTC
CAGAAATGAAGTGCAAAT-3′. PCR products were purified and
cloned into the pGMT vector (VT202–02, TIANGEN Company,
China). Antisense RNA probes were transcribed in vitro using
MEGAscript kit (Ambion) according to the manufacturer’s
instructions. Whole mount in situ hybridization and two-color
fluorescent in situ hybridization were performed as described
previously (42,43).

Morpholino and mRNAs injections
The standard negative control morpholino (cMO) was 5′-
CCTCTTACCTCAGTTA CAATTTATA-3′. The oxr1b splice-blocking
Morpholino (Gene Tools, USA) sequence was 5′-AGTAAACACCTA
CTACTCACCACGT-3′. For rescue studies, the full length cDNAs of
human OXR1 (ENST00000442977.6) and mutant OXR1 (c.233A > G:
p.K78R) were amplified by RT-PCR (forward primer 5′-AGCGGATC
CATGTCTGTGTCTAATCTATCATGGC-3′ and reverse primer 5′-
AGGTCTAGATTATTCAAAAGCCCAGATTTCAATA-3′), and then
cloned into the pCS2-HA vector. The plasmids were linearized
with NotI restriction enzyme (NEB, R0189M) and mRNAs were
synthesized in vitro using the mMessage mMachine T7 Transcrip-
tion kit (Ambion, Austin, USA). Microinjection was performed as
previously described (43).

Western blotting
HEK293T cells were transfected with the plasmids HA-OXR1 or
HA- mOXR1. The transfected cells were subjected to Cyclohex-
imide (CHX) treatment (5 μg/ml) for 2–6 h and then lysed by using
TNE lysis buffer (10 mM Tris–HCl, pH 7.5, 150 mM NaCl, 2 mM
EDTA and 0.5% Nonidet P-40) containing a protease inhibitor
cocktail. Affinity-purified anti-HA (1:3000; CW0092A, CWBIO) and
anti-β-actin (1:3000, CW0096, CWBIO) were used for immunoblot-
ting. CHX was purchased from AMRESCO and dissolved in DMSO.



Human Molecular Genetics, 2023, Vol. 32, No. 5 | 771

Living imaging
Tg(HuC:GFP) embryos were anaesthetized at 24 or 36 hpf and
then embedded in 1% low-melt agarose. Confocal stack pictures of
the otic vesicle-containing region were taken using a Nikon A1R+
confocal microscope (20× dry).

Supplementary Material
Supplementary Material is available at HMG online.
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