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Abstract

Congenital hearing impairment (HI) is a genetically highly heterogeneous disorder in which prompt recognition and intervention
are crucial to optimize outcomes. In this study, we used exome sequencing to investigate a large consanguineous Pakistani family
with eight affected individuals showing bilateral severe-to-profound HI. This identified a homozygous splice region variant in STX4
(c.232 + 6T>C), which causes exon skipping and a frameshift, that segregated with HI (two-point logarithm of odds (LOD) score = 5.9).
STX4, a member of the syntaxin family, is a component of the SNARE machinery involved in several vesicle transport and recycling
pathways. In silico analysis showed that murine orthologue Stx4a is highly and widespread expressed in the developing and adult
inner ear. Immunofluorescent imaging revealed localization of STX4A in the cell body, cell membrane and stereocilia of inner and
outer hair cells. Furthermore, a morpholino-based knockdown of stx4 in zebrafish showed an abnormal startle response, morphological
and developmental defects, and a disrupted mechanotransduction function in neuromast hair cells measured via FM1–43 uptake. Our
findings indicate that STX4 dysfunction leads to HI in humans and zebrafish and supports the evolutionary conserved role of STX4 in
inner ear development and hair cell functioning.

Introduction
Hearing impairment (HI) affects between 1 and 2 newborns per
1000 and impacts speech development, education and overall
quality of life, resulting in a significant financial burden on fami-
lies and healthcare systems. As such, early detection and accurate
diagnosis are imperative to optimize intervention and improve
outcomes. Approximately 50%–60% of congenital HI has a genetic
etiology (1,2). The complexity of the human hearing system is
reflected by its highly diverse genetic etiology, with over 120 genes
identified for non-syndromic (NS) HI alone (3). Current genetic
testing for HI is mainly driven by gene panels, with some adoption
of exome sequencing (4–7). Nevertheless, its diagnostic rates are
based on existing knowledge of the genetic etiology of HI, resulting
in current diagnostic rates ranging from 28% to 52% (4–7). The
discovery of novel genes and variants implicated in HI is therefore
crucial to improve diagnostic rates and allow more personalized
interventions.

The syntaxins (STXs) are a family of proteins involved in vesicle
fusion in diverse vesicular transport processes along the exocytic
and the endocytic pathway (8). They are part of a larger structural
group of proteins that mediate membrane vesicle fusion called
soluble N-ethyl malemide sensitive factor adaptor protein

receptors (SNAREs), which are highly conserved amongst all
eukaryotes (9). The inner ear sensory hair cells, responsible
for translating sound induced mechanical vibrations in the
cochlea into electric signals and neurotransmission (i.e. mechan-
otransduction), contain two specialized areas of membrane
delivery: one located at the apex and one at the cell base
(10). The first area at the apex of the hair cells, around the
cuticular plate that anchors the stereocilia, accommodates the
continuous mechanical movement of stereocilia and facilitates
their repair via the recycling of membrane components (10).
The second area is the afferent synapse at the hair cell base,
where neurotransmitter release is mediated via a Ca2+ influx
and subsequent synaptic vesicle exocytosis and recycling (10,11).
SNARE proteins, including syntaxin 1, are concentrated at both
sides of hair cells and at both of these locations are involved in
vesicle fusion (10).

In this study, we describe a novel cause of human HI due to
defects in syntaxin 4 that was identified through the study of
a large consanguineous Pakistani family segregating NSHI with
an autosomal recessive (AR) mode of inheritance. STX4 is one of
the members of the syntaxin family and previously shown to be
involved in several vesicle transport pathways (8).
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Figure 1. Genetic and audiometric data for Pakistani family members with HI due to a splice region variant in STX4. (A) Family 4768 pedigree
drawing displaying the segregation of the c.232 + 6T>C STX4 variant. Hearing impaired family members are indicated by a black box (male) or circle
(female). Individuals who had a DNA sample that underwent exome sequencing are indicated with an asterisk. (B) STX4 coding isoforms according to
GENCODEv39 and location of the splice region variant (indicated with an arrow). (C) Pure-tone audiometry audiograms for hearing impaired family
members; x represents the results for the left ear and o for the right ear. Affected individuals show severe-to-profound or profound HI. Ages at which
the audiometry was performed: IV:1 [25 years of age], IV:2 (22 year), IV:4 (20 year), IV:5 (21 year), IV:7 (10 year), IV:8 (12 year), IV:9 (14 year) and IV:10
(15 year).

Results
Clinical findings
Pure tone audiometry showed a bilateral severe-to-profound or
profound HI in affected individuals (Fig. 1), and no HI in the
parents (Supplementary Material, Fig. S1). No vestibular dys-
function was found in hearing-impaired family members. Facial
features were normal, and no neurological abnormality was
observed in the affected individuals. An electrocardiogram was
recorded in two affected family members (IV:7 and IV:8), which did
not show any abnormalities. Head circumference was increased
but within normal limits in affected individuals tested (IV:1, IV:5,
IV:7, IV:8, IV:9, IV:10), except for one individual (IV:1) who showed
borderline macrocephaly (+2.0 SD) (Supplementary Material,
Table S1).

Exome sequencing
Exome sequencing revealed candidate variants in several genes
(PIGV, COL6A6, DUOX2, MYO15A, KCNJ10, WDFY3 and STX4;
Supplementary Material, Table S2). Sanger sequencing was
performed to test segregation in the remaining family members,
after which only one variant was found to segregate with HI
in the family (Fig. 1). This was a splice region variant in STX4
(NM_001272096.1:c.226 + 6T>C;NM_004604.5:c.232 + 6T>C), pre-
dicted to impact splicing by computational tools, including dbsc-

SNV1.1 (dbscSNVADA: 0.99; dbscSNVRF: 0.90) (12), NNSPLICE0.9
(wild-type [WT] 5′ donor loss) (13) and Human Splicing Finder
Professional (Broken WT Donor site; −42.66%) (14). The variant
has a Combined Annotation Dependent Depletion (CADD) score of
23 and is present with a low frequency in the Genome Aggregation
Database (gnomAD)v2 database (MAF = 7.98 × 10−6), where it
is found in the heterozygous state in two individuals of non-
Finnish European descent. It is absent from the Trans-Omics for
Precision Medicine (TOPMed) Bravo database (15), gnomADv3 (16),
The Greater Middle East (GME) (17) and the All of Us research
program data (11/29/2021 release) (18). Last, no copy number
variants (CNV)s in known HI genes or in any other clinically
relevant regions were found.

There are two protein coding isoforms for STX4 in GENCODEv39
and Uniprot predicts alternative splicing (NM_004604.5/ENST0000
0313843.8 and NM_001272096.1/ENST00000394998.5; Fig. 1). In
the Genotype-Tissue Expression (GTEx) atlas, the canonical
isoform NM_004604.5 has the most prominent expression across
all tissues (19); this is also the case in the human inner ear (20). It
is predicted to lead to a loss of the 5′ donor by the computational
tools mentioned above, which can lead to exon skipping of
coding exon 3, which we verified as described in the mini-gene
assay. This will result in a frameshift for both human transcript
isoforms, predicted to be targeted by nonsense mediated
decay (21).

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac257#supplementary-data
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Homozygosity mapping and linkage analysis
Homozygosity mapping revealed only two regions of shared
homozygosity for the affected individuals IV:5 and IV:7, on
chr3p21.1 (596kbp) and chr16p12.1-q12.2 (30.7 Mb). The STX4
variants resided in the homozygous chr16 region, and two-point
linkage analysis of the STX4 homozygous variants revealed a
logarithm of odds (LOD) score of 5.9 at theta = 0.0.

Minigene splicing assay of the STX4
c.232 + 6T>C variant
The PCR product amplified from the cDNA of both control
(STX4WT) and mutant (STX4c.232 + 6T > C) containing exons 2–4
of human STX4 showed a size difference consistent with the
skipping of exon 3 (Supplementary Material, Fig. S2). Exon
skipping of exon 3 was further confirmed through Sanger
sequencing (Supplementary Material, Fig. S2C).

Stx4a mRNA and protein expression in the
mouse inner ear
The murine orthologue of human STX4 is Stx4a, which encodes for
murine protein STX4A. In silico analysis of mice RNA expression
datasets show that murine orthologue Stx4a is highly expressed
during inner ear development (Supplementary Material, Figs S3–
S11). Expression in the sensory epithelium is widespread (Sup-
plementary Material, Figs S3, S5–11) and Stx4a is upregulated
during later developmental stages, including the inner and outer
hair cells (Supplementary Material, Figs S3, S8–S11). Expression
is also found in the spiral and vestibular ganglion cells, and here
also upregulated at later developmental stages (Supplementary
Material, Fig. S3). Stx4a is also expressed widely during early
craniofacial development, such as in the paraxial mesoderm (E8.5)
and maxillary arch epidermal ectoderm (E9.5) (Supplementary
Material, Fig. S4). We next performed whole mount immunostain-
ing of STX4A in cochlear tissue of P12 WT mice. This revealed
STX4A immunoreactivity at stereocilia level as well as throughout
the outer and inner hair cells bodies and in the plasma membrane
(Fig. 2 and Supplementary Material, Fig. S12).

Morpholino-based knockdown of stx4 in
zebrafish
We performed a morpholino-based knockdown of stx4 in
zebrafish targeting the ATG start codon site and the corre-
sponding zebrafish 5′ donor splice site (SS) as affected by the
c.232 + 6T>C variant in the human STX4 orthologue. However,
reverse transcription - polymerase chain reaction (RT-PCR)
confirmed intron 3 retention between exon 3 and exon 4
due to the SS covering stx4 morpholino (Fig. 3C). At 5 days
post fertilization (dpf), acoustic evoked behavioral response
(ABER) assessment was done on 9ng ATG and SS morpholino
injected zebrafish larvae in comparison to 9ng injected control.
It was observed that both ATG and SS morphants showed a
significant difference in response to stimuli as compared to
controls; P = 0.0001 and 0.0017, respectively (Fig. 3B). Moreover,
the stx4 morpholinos (ATG and SS) injected zebrafish larvae
showed severe morphological developmental defects with edema
(Fig. 3D). We further measured the head to length ratios for 9ng
injected control versus 9ng injected ATG morphs and SS morphs
respectively and observed a significant difference of P = 0.0001 for
both comparisons. Both stx4-injected larva types had a greater
head size as compared to control injected larvae (Fig. 3E). Next,
to assess the mechano-transduction function of neuromast cells
after injecting 9ng stx4 morpholino, zebrafish larvae at 5 dpf

were processed for FM1–43 dye uptake. Neuromast cells of 9ng
stx4 morpholinos (ATG and SS) injected zebrafish larvae did not
uptake any FM1–43 dye (Fig. 3F) suggesting that these cells have
a disrupted mechanotransduction function as compared to the
neuromast cells of 9ng control injected control larvae, which
took up the FM1–43 dye (Fig. 3F). These findings demonstrate that
morpholino-based knockdown of stx4 in zebrafish leads to loss
of hearing and mechanotransduction function along with some
severe morphological defects.

Discussion
STX4 is known to function in the SNARE machinery and involved
in different forms of regulated vesicle transport in diverse cell
types (22–26). In rat hippocampal neurons, STX4 acts as a post-
synaptic t-SNARE important in postsynaptic plasticity including
rapid modification of dendritic spines during the many mem-
brane trafficking events such as the fusion of recycling endo-
somes (24). In addition, STX4 is involved in glucose-triggered
insulin secretion in pancreatic β cells, IgE-dependent granule
release from mast cells, and insulin-regulated glucose transporter
(GLUT4) translocation from intracellular vesicles to the plasma
membrane in adipocytes and myocytes (22,24,25,27–33). Its func-
tion in the auditory system however has not been studied. A
recent study shows that Stx4 mRNA is upregulated in response to
trauma caused by acoustic overstimulation in rat cochlea (34). In
this study, we show that syntaxin 4 is crucial for sound perception
in both humans and zebrafish.

We studied a large consanguineous Pakistani family with AR HI
that segregates a STX4 splice region variant (NM_004604.5:c.232 +
6T>C) with a significant two-point LOD score of 5.9 at theta = 0.
The variant is very rare in population databases and is predicted
to lead to a loss of the 5′ donor at the WT SS position of all
coding isoforms. The variant was confirmed to cause exon skip-
ping in a minigene assay, which leads to a frameshift targeted by
nonsense-mediated decay. STX4 is highly expressed throughout
the body (19), including the brain where it is localized mainly in
the hippocampus and neocortex (24). We show it is also widely
expressed in the developing and adult inner ear, including the
sensory epithelium, hair cells, spiral and vestibular ganglion cells,
and upregulated during development. Via immunohistochem-
istry we show that it is expressed in both inner and outer hair
cells of P12 mice, both in the stereocilia, cytoplasm and cell
membrane.

To confirm its function in hearing and in the sensory epithe-
lium, we next performed a knockdown of stx4 in zebrafish via
morpholinos targeting the ATG start codon site and the SS donor
corresponding with the human c.232 + 6T>C variant at the exon
3–intron 3 boundary. The SS blocker led to the in-frame retention
of intron 3 and creation of premature stop codon via the novel
inserted sequence in the mRNA. ABER-based startle response at
5 days post fertilization (dpf) showed a significant reduction of
startle response to 1kHz frequency stimuli for both types of stx4-
injected morphants (ATG and SS) as compared to 9ng control
injected larvae, suggesting impaired hearing in stx4-injected mor-
phants. In addition, stx4-injected larvae also showed increased
head sizes consistent with the increased head size measurements
in the hearing impaired family members; however, the measure-
ments in the affected family members did not reach the criteria of
macrocephaly with exception of one affected who was borderline
macrocephalic. Last, the human variant c.232 + 6T>C showed
exon 3 skipping, not intron retention as in the zebrafish, which
both may reflect a difference in local splicing regulation in both

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac257#supplementary-data
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https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac257#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac257#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac257#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac257#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac257#supplementary-data
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Figure 2. STX4A is expressed in the outer and inner hair cells of the mouse cochlea. Whole mount cochlear tissue from P12 wild-type mice were
immunolabeled with anti-syntaxin 4 antibody (green), while phalloidin (red) was used to decorate F-actin cytoskeleton. STX4A (green) was localized in
the stereocilia (arrows) of both outer and inner hair cells. Also, STX4A expression was observed in hair cells’ body and cell membrane (arrowheads).
Scale bar, 20μm.

species. Nonetheless, the predicted loss of function of STX4/Stx4
in both results into a similar phenotype.

Hair cells contain mechanosensitive channels that quickly
open in response to sound-induced vibrations. To assess mechano-
sensitive channel function in the hair cells in the neuromasts of
the lateral line, we briefly exposed injected and non-injected
larvae to FM1–43, a styryl pyridinium dye that penetrates
hair cells first via mechanotransduction channels at the tips
of the stereocilia (35). There was apparently no FM1–43 dye
uptake in neuromast hair cells of stx4-injected larvae, suggesting
a disrupted mechanotransduction in the hair cells of the
neuromast. As mentioned previously, STXs are implicated in
vesicle transport and recycling at the two trafficking hotspots in
hair cells (at the apex and base). Intense vesicle transport at the
apex of hair cells occurs in a narrow region between the cuticular
plate and the junctional complexes (10, 36), and supports the
functioning and repair of stereocilia which perform a continuous
mechanical movement in response to sound (10). Aberrant STX4
might impact the mechanotransduction complex organization
and function via hindering the normal vesicle trafficking in hair
cells.

As syntaxins are also important in synaptic signaling and exo-
cytosis in neurons (24), STX4 dysfunction may also affect afferent
synaptic transmission from hair cells to downstream nerves (37).
Otoferlin (OTOF), for example, interacts with both syntaxin 1 and
SNAP25 at the afferent ribbon synapses in inner hair cells of the
cochlea to trigger exocytosis and release of the neurotransmitter
glutamate (38). Defects in this process due to OTOF dysfunction
cause AR hearing loss in both mouse and man (38). Further studies
in animal models (e.g. mouse model) would help in deciphering
the precise role of STX4 in the cochlear hair cells and synaptic
machinery development and function.

A recent study also implicated stx4 in cardiac development
in zebrafish, with myocardial dysfunction, bradycardia and

aberrations in Ca2+ handling noted in CRISPR-Cas9 stx4 mutant
zebrafish larvae (39). Furthermore, otic vesicle dysgenesis was
noted amongst the multiple defects. The authors also identified
biallelic STX4 variants in two patients with a severe multisystem
disease including cardiac dysfunction. Although the association
of STX4 with this human multisystem disease needs further
confirmation, one of the two patients with a homozygous
p.R240W STX4 variant also displayed sensorineural hearing loss
(39).

Last, we screened for STX4 variants in our in-house exome
dataset of 473 families with hearing loss, of which of which 441
are Pakistani families and primarily consanguineous. Although a
second family could not be identified and is likely a rare cause
of hearing loss, we recommend adding this gene to diagnostic
hearing loss panels to propel the identification of novel families.
Last, the identification of additional families will also clarify
if macrocephaly is an additional feature associated with STX4
hearing loss disorder.

In conclusion, we identified a novel key player, STX4, crucial
in hearing and mechanotransduction in the inner ear sensory
epithelium in humans and zebrafish. This finding expands the
genetic etiology underlying HI and will improve genetic diagnostic
testing.

Materials and Methods
Sample collection and clinical evaluation
The study was approved by the Institutional review board of
Columbia University (IRB-AAAS2343) and the ethics committee
of the Quaid-i-Azam University (IRB-QAU-153). Written informed
consent was obtained from all participating members of a large
consanguineous family from the Khyber Pakhtunkhwa province
in Pakistan (Family 4768; Fig. 1). Peripheral blood samples were
collected and DNA was extracted using a phenol chloroform
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Figure 3. Morpholino-based knockdown of stx4 in zebrafish causes deficits of hearing and mechanotransduction. (A) Phenotype assessment based
on dosage response for both ATG and SS blockers for stx4. Class severe: defect in eye formation, no tail, small body size and edema; Class moderate:
edema and curved body, class mild: curved body and class normal: no visible deformities. (B) ABER in 9ng control injected versus 9ng injected ATG
blocker (∗∗P = 0.0001) and 9ng control injected versus 9ng SS injected morphs (∗P = 0.0017) showing a significant difference. Approximately 9ng ATG vs
9ng SS morphants did not show a significant difference (P = 0.2031). (C) Schematic representation of the zebrafish stx4 gene showing the position of
SS morpholino (red line) at the end of exon 3 and start of intron 3. Green line arrows indicate primers used for amplification. The bar diagram shows
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protocol (40). DNA samples were obtained from eight affected and
five unaffected family members, respectively (Fig. 1; III:2–4; IV:1–
10). A clinical history was obtained from family members, and a
physical and neurological examination was also performed. To
evaluate hearing and vestibular functioning, pure-tone audiom-
etry (250–8000 Hz), and tandem gait and Romberg tests were
performed in all affected individuals [IV:1 [25 year of age], IV:2
(22 year), IV:4 (20 year), IV:5 (21 year), IV:7 (10 year), IV:8 (12 year),
IV:9 (14 year) and IV:10 (15 year)]. Pure-tone audiometry was also
recorded in carrier parents: III:2 (52 year), III:3 (48 year), III:4
(43 year). Other underlying causes of HI, including infections,
ototoxic medications and trauma, were excluded. In addition, for
two affected individuals (IV:7 and IV:8) an electrocardiogram was
recorded.

Exome sequencing
Variants in the coding region of GJB2 and other common genomic
variants associated with HI in the Pakistani were excluded prior
to exome sequencing via Sanger sequencing [GJB2 coding region;
CIB2: p.(Phe91Ser), p.(Cys99Trp; HGF: c.482 + 1986_1988delTGA,
c.482 + 1991_2000delGATGATGAAA; SLC26A4: p.(Gln446Arg),
p.(Val239Asp)] (41–43). Next, DNA samples from two hearing
impaired family members (IV:5 and IV:7), each from a separate
branch of pedigree 4768, underwent exome sequencing (Fig. 1).
Exome enrichment was performed using the SureSelect Human
All Exon V6 kit (60.46 Mb) and paired-end sequencing was
performed on a HiSeq2500/4000 instrument (Illumina Inc, San
Diego, CA, USA). An average on target read depth of 94.64x
and 112.84x were obtained for the samples from individuals
IV:5 and IV:7, respectively. Low-quality reads were removed,
and remaining reads were aligned to the human reference
genome (GRCh37/Hg19) using Burrows-Wheeler Aligner-MEM
(BWAv0.7.15) (44). Duplicate reads were marked using Picard-
tools (v2.5.0), and insertions/deletion (InDel)-realignment and
base quality score recalibration were performed with the Genome
Analysis Toolkit (GATK) (v3.7). Single nucleotide variants (SNVs)
and InDels were called by the GATK HaplotypeCaller (45). Variants
were annotated using ANNOVAR (46) and custom scripts were
used to filter to identify candidate variants. Each branch of the
family was also analyzed separately in case of locus heterogeneity,
considering an AR mode of inheritance. First, SNVs and InDels
with a population specific minor allele frequency (MAF) of < 0.005
in every population of the gnomAD Database (16) and the GME
Variome Project (17) were retained. The remaining variants were
filtered further by only retaining exonic variants, splice region
variants (±12 bp from intron-exon boundary) and variants with
a predicted effect on protein function or pre-mRNA splicing
(missense, nonsense, frameshift, start-loss, splice region, etc.).
Bioinformatic prediction scores were annotated from dbnsfp35a
and dbscSNV1.1 to evaluate missense and SS/region variants
respectively to aid in selecting variants for further evaluation
(12,47), which included, for example, the CADD scores (48). CNVs
were called using CONiFER (v0.2.2) (49). Gene annotation was

performed using AnnotSV (50) and a custom in-house annotation
with BioMart (51), and CNV frequency was assessed using the
Database of Genomic Variants (52) and gnomAD (16) using the
same frequency cut-offs as above for SNV/InDels. Candidate
variants were visualized using the Integrative Genomics Viewer
(IGV2.4.3). SNV/Indel variants that were deemed unlikely to be
false variant calls based on IGV were validated and checked for
segregation in all family members with available DNA samples
using Sanger sequencing performed using an ABI3130XL Genetic
Analyzer.

Homozygosity mapping and linkage analysis
Homozygous regions shared by affected individuals IV:5 and
IV:7 from whom exome data was available were identified
after removing multiallelic sites and InDels with BCFtools (53)
using Homozygosity mapper (54). Two-point linkage analysis was
performed and a LOD score for the segregating variant in STX4
was computed using Superlink Online 1.1 (55). An AR mode of
inheritance with complete penetrance and the gnomAD allele
frequency of 7.98 × 10−6 were used for the calculation of the LOD
score at theta = 0.

Minigene splicing assay of the STX4
c.232 + 6T>C variant
The genomic DNA region carrying the exonic and intronic regions
from exon 2 to exon 4 of the human STX4 canonical transcript
(NM_004604.5) was amplified and then cloned into a pSPL3 vector
carrying splice donor and splice acceptor sites (Supplementary
Material, Fig. S2A). The developed clones for both control STX4WT

and mutant STX4c.232 + 6T > C were then sequence verified and used
for transfecting Cos7 cells. After 1 day of transfection, cells were
collected, and RNA was isolated to develop cDNA. Vector splice
donor and splice acceptor site-based primers were used to amplify
products and gel electrophoresis was done to indicate a difference
between WT and mutant (Supplementary Material, Fig. S2B). The
PCR product was then Sanger sequenced to confirm the result
(Supplementary Material, Fig. S2C).

In silico mRNA Stx4a expression analysis in
mouse craniofacial and inner ear tissues
We performed an in silico analysis of the expression of mouse
orthologue Stx4a during mouse development using various
publicly available datasets with RNA-seq and/or microarray
data of inner ear and craniofacial tissues. First, we studied
Stx4a expression during early mouse craniofacial development
using series GSE55966 from the Gene Expression Omnibus
(GEO) database containing RNA sequencing data of CD1 mouse
embryos at embryonic day (E)8.5, E9.5, E10.5 (56). Further data
manipulation and conversion to TPM (Transcripts Per Kilobase
Million) was performed before data visualization. To study Stx4a
expression during mouse inner ear development, previously
generated datasets were obtained from the Shared Harvard
Inner-Ear Laboratory Database (SHIELD) (57). The first dataset

a scheme of the normal mRNA produced versus SS morpholino injected zebrafish mRNA retaining with exon 3. RT-PCR gel electrophoresis results
showing retention of intron 3 between exon 3 and exon 4 in SS morpholino injected embryos. (D) Representative images of 9ng ATG and SS morpholino
injected larvae and 9ng control injected larvae at 5 dpf. Severe morphological defects with edema were observed in 9 ng injected larvae as compared
to 9ng injected controls. (E) Head to length ratio of 9 ng control injected versus 9ng injected ATG blocker and 9ng control injected versus 9ng SS
injected morphs showing a significant difference (∗∗P = 0.0001). Approximately 9ng ATG versus 9ng SS morphants did not show a significant difference
(P = 0.1608) between each other in head to length ratio. (F) Maximum intensity projections of confocal images showing FM1–43 dye uptake in neuromast
cells of 9ng ATG and SS morpholino injected larvae vs 9ng control injected larvae at 5 dpf. The right panels show that neuromast cells of stx4-morpholino
injected larvae do not uptake FM1–43 dye as compared to 9ng control injected in the left panel. Scale bar: 20μm. All data shown are mean ± SD with
two-tailed unpaired Student’s t-test.

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac257#supplementary-data
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detailed expression in hair cells and surrounding cells over four
developmental stages [E16, postnatal day (P)0, P4 and P7] in
the cochleae and utricles of mice obtained via RNA sequencing
(58). These data were supplemented with a microarray dataset
containing expression data over six developmental stages: E12,
E13, E16, P0, P6 and P15 in spiral ganglion neurons and vestibular
ganglion neurons (59).

Last, the gene Expression Analysis Resource (gEAR) was used
to visualize Stx4a expression in single cells of the cochlear epithe-
lium during mouse development (60). Single-cell RNA sequencing
data of the sensory epithelium of CD1 mouse embryos at E14, E16,
P1 and P7 were interrogated and plotted using gEAR’s analysis
suite (61). Stx4a expression was grouped based on cell groups in
four overarching classes: developing supporting cells, developing
prosensory cells, developing sensory cells and developing greater
epithelial ridge cells, each of which were further divided into
subclasses (61).

Whole mount immunostaining of STX4A in
mouse inner ears
All the animal work was approved by the University of Mary-
land, Baltimore Institutional Animal Care and use Committee
(IACUC 420002). Inner ears were dissected from P12 mice and
fixed in 4% paraformaldehyde (PFA) in phosphate buffered saline
(PBS) overnight. After fixation temporal bones were decalcified
in 0.25 M EDTA solution overnight. For whole mount immunos-
taining, the cochleae were micro-dissected and were subjected to
blocking for 1 h with 10% normal goat serum in PBS containing
0.25% tritonX100, followed by overnight incubation at 4◦C with
primary antibody (1:200) in 3% normal goat serum with PBS. Pri-
mary antibodies used are rabbit anti syntaxin 4 (Synaptic systems
110042) and mouse anti CTBP2 (Thermo Fisher MA5-26926). F-
Actin was stained using phalloidin 647nm (1:300), and nuclei
were stained with 4′,6-diamidino-2-phenylindole (DAPI). Confocal
images were acquired from Nikon Spinning disk W1 confocal
microscope, and images were processed using ImageJ software.

Zebrafish morpholino-based knockdown of stx4
WT AB/Tübingen (AB/TU) zebrafish were used for breeding.
The embryos attained were injected between the 1- and 2-cell
stage with 3ng, 6ng, 9ng and 12ng to check dosage response
of either an stx4 based ATG start codon morpholino (5′-
CGCATTTTCGATGTATTTTATGGCC-3′) or a SS morpholino (5’-
AGCTAAATTACTTACTGTCCTCTGG-3′) (Fig. 3A). Approximately
9ng dosage was selected for further analysis to assess HI
using ABER and FM1–43 uptake. A 9ng control morpholino
(5’-CCTCTTACCTCAGTTACAATTTATA-3′) was also injected to
observe the morphological defects and to assess the startle
response differences (Fig. 3A, B and D). At 5 dpf, the startle
response of 9ng ATG and SS morpholino injected zebrafish larvae
along with 9ng injected controls were measured using Zebralab
Viewpoint System. Following the protocol by Vona et al. (62) for
a similar system, the experiment was carried out for 4 min.
Twelve stimuli of 1kHz for 100 ms were given after every 20s.
Sensitivity detection was set to 20, while the burst threshold was
selected as 50 pixels and freeze was set as 10 pixels. The data
for larva were excluded if spontaneous response was shown 2s
before stimulus or if they showed random movements for more
than six stimuli. The movement was calculated in milliseconds.
However, we calculated the average response of each larva for 12
sound stimuli and plotted this in Figure 3B. A Student’s t-test was
used to determine if the differential activities between control
and morphants were statistically significant. The larvae from

both groups were then collected for imaging, RT-PCR and FM1–43
uptake. For FM1–43 dye update, larvae were exposed to the fixable
version of the dye (Catalog #F35355) diluted to 3μM concentration
in hanks’ balanced salt solution (HBSS) for 15s and then fixed in
4% PFA. Nuclei were labelled with DAPI, and confocal images were
acquired using Nikon W100 confocal microscope and images were
processed in ImageJ (63).

Data Submission
The variant reported in this study was submitted to ClinVar
(Accession number: SCV002499562).
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Supplementary Material is available at HMG online.
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