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THBST is a new autosomal recessive non- =
syndromic hearing impairment gene
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Abstract

Background Prelingual hearing impairment (HI) is genetically highly heterogenous. Early diagnosis and intervention
are essential for psychosocial development. In this study we investigated a consanguineous family from Pakistan with
autosomal recessive (AR) non-syndromic sensorineural HI (NSHI).

Methods A DNA sample from an HI member of a consanguineous Pakistani family segregating ARNSHL underwent
exome sequencing. Using Sanger sequencing select variants were validated and tested for segregation using DNA
samples from additional family members. We further investigated RNA expression data for the candidate gene in
mouse and human inner ear and human inner ear organoids using data obtained from the gene Expression Analysis
Resource.

Results We identified thrombospondin 1 (THBS1) as a new NSHI gene. A homozygous frameshift variant [c.1470del:
p.(Ile491Serfs*45)] was observed in the three hearing-impaired and in the heterozygous state in three unaffected
family members. Unlike for most ARNSHI, hearing-impaired individuals had audiograms with a sloping pattern,
showing more pronounced Hl in the mid and high frequencies (ranging from moderate to profound) compared

to the low frequencies. RNA expression data indicates THBST is expressed during human inner ear development.
Additionally, THBST is expressed in the cochlear epithelium and supporting cells of the mouse inner ear during
embryonic and postnatal stages. Previously, THBST was demonstrated to affect hearing in knockout mice by
influencing the formation and function of afferent synapses in the inner ear.

Conclusions Our findings highlight THBST as a potential novel candidate gene for human HI characterized by a
sloping high-frequency audio profile. This discovery enhances our understanding of the genetic etiology of HI and
will aid in advancing molecular diagnosis.
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Background

Hearing impairment (HI) is a significant global health
problem that impacts speech, language, and social skills
development. It is a prevalent and clinically diverse sen-
sory disorder affecting 1-6 per 1000 newborns. It is esti-
mated that 1% of all human genes are involved in hearing
[1], highlighting the intricate genetic basis of this condi-
tion. Despite genomic advancements and with approxi-
mately 150 genes found to be implicated in human
non-syndromic HI (NSHI) [2] a substantial portion of
the genetic factors underlying HI remain unidentified.
This is primarily due to the complexity of the auditory
system that corresponds with a high level of genetic het-
erogeneity involved in impairment. This highlights the
need to uncover the extensive array of genes contributing
to hearing function. The understanding of their genetic
mechanisms could lead to improved personalized inter-
ventions, genetic counseling, and improved outcomes for
individuals with HI.

In this study, we describe the identification of a new
NSHL candidate gene thrombospondin 1 (THBSI)
(OMIM:188060). A homozygous frameshift variant in
THBS]1 was identified through the study of a consanguin-
eous family from Pakistan with bilateral prelingual senso-
rineural autosomal recessive (AR) NSHI. THBS1 is highly
intolerant to loss-of-function variants. Audiograms for
the HI members are atypical for ARNSHI, in that HI was
more severe in the mid and high frequencies than the
low frequencies, instead of severe to profound across all
frequencies.

Methods

Participant evaluation and sample collection

Family DEM4671 was ascertained from Khyber-Pak-
htunkhwa (KPK) province of Pakistan. The family is
consanguineous with hereditary sensorineural HI. Infor-
mation obtained for the family include clinical histories,
medical records, physical examinations, and pure-tone
audiometry (250-8,000 Hz). Tandem gait and Romberg
tests were also performed to evaluate hearing-impaired
family members for gross vestibular dysfunction. Further,
syndromes and HI due to infections, ototoxic medica-
tions, or trauma were assessed through detailed clinical
evaluation. Peripheral blood samples were collected, and
genomic DNA extracted from all participating family
members [3].

Exome sequencing and variant confirmation

Sanger sequencing was performed to rule out com-
mon genetic causes of HI in the Pakistani popula-
tion, i.e., G/B2 coding variants; CIB2 [p.(Phe91Ser) and
p.(Cys99Trp)]; HGF (c.482+1986_1988delTGA and
c.482+1991_2000del GATGATGAAA); and SLC26A4
[p.(Val239Asp) and p.(GIln446Arg)]. A DNA sample from
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a hearing-impaired family member (IV:5) underwent
exome sequencing (Fig. 1A). Library construction and
exon capture were completed using Agilent SureSelect
Human All Exon V6 kit (~60 Mb) with short-read par-
allel sequencing performed to a mean on-target cover-
age of 58.3x. Reads were aligned to the human reference
genome (GRCh38/hg38) using Burrows-Wheeler Aligner
[4]. Duplicate reads were marked using Picard. Genome
Analysis Toolkit (GATK) [5] was used to call single
nucleotide variants and insertions/deletion (indels), fol-
lowing GATK’s best practices in variant calling. Anno-
tation was performed using ANNOVAR [6]. For the
analysis, exonic and splice region variants +/— 12 bp from
intron-exon boundary were retained. After checking the
presence of known likely pathogenic and pathogenic vari-
ants from the ClinVar database [7], rare variants with a
minor allele frequency (MAF)<0.005 in all populations
of the Genome Aggregation Database (gnomAD v4.0) [8]
that were consistent with an AR mode of inheritance and
with a predicted effect on protein function or pre-mRNA
splicing (nonsense, frameshift, missense, start-loss, splice
region, etc.) were selected. Bioinformatic predictions
were annotated using dbNSFP35a [9] and dbscSNV1.1
[10] which included Combined Annotation Dependent
Depletion (CADD) [11] and Genomic Evolutionary Rate
Profiling (GERP++) scores [12]. Variants that met the
selection criteria were visualized using the Integrative
Genomics Viewer (IGV2.4.3) [13] to exclude likely false-
positive calls. Sanger sequencing, using DNA samples
from all available family members, was performed to
validate the variants and test for segregation with HI. For
DEM4671 (IV:5) copy number variant (CNV) calls were
generated using CONIFER (v0.2.2) [14] and annotated
using the BioMart Database [15].

Expression analysis of THBS1

To evaluate and confirm the RNA expression of THBSI
in the inner ear, publicly available datasets in gEAR (gene
Expression Analysis Resource) [16] were visualized and
evaluated. RNA sequence data of hair cells and surround-
ing cells in the mouse cochlea at various developmental
stages from E14-P7 as well as single cell expression in
the cochlear floor epithelial duct cells of E14, E16, P1,
and P7 wild type CD-1 mice pups (accession number
GSE137299) [17] were analyzed.

We also analyzed single-nucleus RNA sequence data
from two human fetal inner ears (7.5 and 9.2 weeks)
and one adult inner ear (accession number GSE213796)
obtained from the human inner ear atlas. Additionally,
we also examined the human inner ear organoids single-
cell and single-nucleus RNA sequence data which was
generated by differentiating multiple human pluripo-
tent stem cell (hPSC) lines to induce inner ear cell types
(accession number GSE214099) [18].
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Fig. 1 Pedigree of family DEM4671 and audiometry. (A) Pedigree of the Pakistani family DEM4671 displaying genotypes for the variant THBS1
(NM_003246.4) [c.1470del: p.(lle491Serfs*45)] for each family member that has an available DNA sample. A star indicates the hearing-impaired family
member whose DNA sample underwent exome sequencing. Females are represented by circles and males by squares. Individuals with solid symbols
have NSHI while those with clear symbols are unaffected. (B-D) Air conduction thresholds for affected members IV:2, IV3 and IV:5 respectively. IV:2 has
profound hearing impairment in the high frequencies and moderate to severe in the mid to low frequencies. IV:3 and IV:5 have profound bilateral HI in
both ears. The audiograms display a decrease in hearing threshold at higher frequencies. Circles with smooth connecting lines represent the right ear and

crosses with dotted connecting lines, the left ear

Results

Clinical evaluation

The clinical examinations and pure-tone audiometry of
the three affected members of family DEM4671 show
that IV:2 (16 years-of-age) has profound hearing impair-
ment in the high frequencies and moderate to severe in
the mid to low frequencies (Fig. 1B). The individual IV:3
(12 years-of-age) and IV:5 (10 years-of-age) displays pro-
found bilateral HI in both ears with a decrease in hearing
with an increase in frequency (Fig. 1C and D). The onset

of HI for all the three affected family members was pre-
lingual and most likely congenital.

Exome and Sanger sequencing

Four homozygous rare variants were identified in the
exome data obtained for individual IV:5 (DEM4671)
(Supplementary Table 1). No homozygous CNVs or
CNVs that were potentially compound heterozygous
with either another CNV, indel, or SNV were observed.
Through Sanger sequencing we confirmed that only one
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Fig. 2 Human inner ear expression of THBS1. THBST is expressed in the human inner ear cells with cochlear floor cells displaying the highest expression.
The dataset contains three stages of human inner ear development [18]. The left panel illustrates single-nucleus RNA sequence data from two human
fetal innerears (7.5 and 9.2 weeks) and one human adult inner ear. The X axis displays the uniform manifold approximation and projection (UMAP) 1 which
is used for dimension reduction and on the Y axis UMAP 2. The scale bar displays normalized gene expression levels which range from low (yellow) to high
(red) that have been adjusted for sequence depth. The right panel displays the locations of specific inner ear cell types with color codes
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Fig. 3 THBST expression in human inner ear organoids. THBST is expressed in the human inner ear organoids. Chondrocytes exhibit a high expression
for this gene. The dataset plotted consists of human pluripotent stem cells differentiated into complex inner ear tissue [18]. The left panel illustrates the
expression of THBST in the single-cell and single-nucleus RNA sequence data from the differentiated inner ear organoids. The X axis displays the uniform
manifold approximation and projection (UMAP) 1 which is used for dimension reduction and on the Y axis UMAP 2. The scale bar displays normalized
gene expression levels which range from low (yellow) to high (red) that have been adjusted for sequence depth. The right panel displays the locations

of specific inner ear cell types with color codes

of these variants, a frameshift in THBS1 (NM_003246.4)
[c.1470del: p.(Ile491Serfs*45)] (Supplementary Table 1)
segregated with HI. The truncated mRNA resulted by this
variant is predicted to likely be a target of nonsense-medi-
ated decay (NMD). The [c.1470del: p.(Ile491Serfs*45)]
variant leads to a premature termination codon (PTC)
located more than 50 nucleotides upstream of the final
exon-exon junction complex, marking it for NMD. This
positioning aligns with NMD’s mechanism to degrade
transcripts with upstream PTCs, preventing production
of potentially harmful truncated proteins [19]. Therefore,
this variant transcript is expected to be downregulated
by NMD. This variant is absent from gnomAD v4.0 and
Trans-Omics for Precision Medicine (TOPMed) Bravo
[20] databases, but had a MAF of 2.0x107° in the All of
Us research program (All of Us) [21] database.

Exome data from 604 Pakistani families with individu-
als affected by NSHI were also screened for potential

causal variants in the THBSI gene, but no additional
families identified. THBS1 was assessed for its relevance
to NSHI using the framework developed by Clinical
Genome Resource and was classified as “limited” evi-
dence (score 4.5) [22].

Expression of THBS1 in human and mouse inner ear
Analysis of the gEAR data shows that in the human inner
ear, THBSI is expressed ubiquitously. The human inner
ear atlas (Fig. 2) and human ear organoids (Fig. 3) show
moderate to high expression especially in the chondro-
cytes and cycling cells. THBS1 is also expressed in the
otic epithelial cells, cochlear duct floor and roof cells.

In the mouse inner ear, the orthologous gene of THBSI
is expressed throughout the cochlear epithelium during
E14, E16, P1, and P7 (Supplementary Figs. 1-4). There
is high expression in the early Reissner’s membrane and
Lateral prosensory cells at E14 and E16. There is high
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expression in the supporting cells (Deiters’ cells, inner
phalangeal cells and inner pillar cells) at P1. Additionally,
on examining the hair cell data sets, the gene is expressed
in the inner hair cells (IHC) during E14-P1 (Supplemen-
tary Fig. 5) and in the outer hair cells (OHC) during E14-
P7 (Supplementary Figs. 6 and 7) stages of CD-1 mice
although the expression for this gene is higher in the sup-
porting cells.

Discussion

We used exome sequencing to identify the underlying
genetic defect in a consanguineous family from Paki-
stan with ARNSHI. A variant in THBSI (NM_003246.4)
[c.1470del: p.(Ile491Serfs*45)] was identified and segre-
gated with HI. The audiograms from the family display
a distinctive downward slope pattern, differing from
what is typically observed for ARNSHI. The audiograms
observed in ARNSHI are generally severe to profound
observed consistently across all frequencies. In con-
trast, a downward sloping configuration was observed in
the audiograms of the affected individuals in this study,
ranging from mild to profound with a more pronounced
HI in the high frequencies. Bilateral, symmetric, high-
frequency HI is generally associated with progressive or
age-related hearing loss. We were unable to evaluate the
progression of hearing threshold with age since we could
obtain only a single audiogram for each hearing-impaired
family member, making it difficult to assess whether the
HI due to THBS1 is progressive.

Using the criteria from Clinical Genome Resource
THBSI1 relevance to NSHI was classified as “limited”
due to there being only a single family that segregates a
frameshift variant. The “limited” evidence classification
requires at least one variant that is asserted to be disease
causing with or without gene-level experimental data. To
increase the evidence to “moderate” three independent
families or probands either with segregating or de novo
likely disease-causing variants along with experimental
evidence is required. For “strong” classification the find-
ing must be replicated in independent publications with
substantial genetic and experimental data. A “definitive”
classification can only be met if the disease-gene rela-
tionship has been replicated and it has been approxi-
mately three or more years since the initial publication
[22]. Therefore, to establish THBSI role in the etiology of
NSHI additional families\probands must be identified as
well as the generation of additional experimental data.

The THBS protein family comprises of five multifunc-
tional glycoproteins found in the extracellular matrix.
These proteins have increasingly been studied for their
physiological roles. Among them is THBS1, a 450-kDa
homotrimeric extracellular glycoprotein made up of 1170
amino acids linked by disulfide bonds [23]. This protein is
involved in several cellular processes. In the extracellular
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matrix, it facilitates cell adhesion, migration, and activa-
tion [24, 25]. THBS1 is highly expressed in platelets, cer-
tain types of dendritic cells, and in tissues undergoing
regeneration. Importantly, THBS1 and THBS2 are pres-
ent in the cochlea and contribute to the development and
function of afferent synapses in the inner ear of mice [26].

Although THBSI has not been implicated in human HI
until now, there is some evidence to suggest its potential
role in the auditory system. Recent studies have explored
the involvement of THBSI in the development and main-
tenance of the cochlea. In the mouse cochlea, expression
of THBS1 is highest at birth and during early develop-
mental stages, subsequently declining over time. Expres-
sion profiles exhibit notable variations across different
developmental stages; for example, at E17 and P1, expres-
sion was seen in most areas of the cochlea including
supporting cells (SCs) and hair cells whereas at P5, the
expression was confined to pillar cells and to inner sulcus
cells of the sensory epithelium. Expression of THBS1 was
substantially higher between PO and P29 subsequently
decreasing after P60 stage, after the maturation of
cochlea. Thbs1 knockout mice were shown to have fewer
synapses in the IHCs and developed an elevated audi-
tory brainstem response threshold at 12 months mainly
in the high frequencies [26]. Although there is an overlap
in the phenotype between mice and humans, there are
some differences with the mouse developing HI in what
would be equivalent to middle age in humans. It is not
unusual for HI genes to display different phenotypes in
mice and humans [27]. Thbsl promotes epithelial-mes-
enchymal transition in mouse inner ear by activating the
latent complex of TGF-beta and plays a significant role
in the development of cochlear afferent synapse [26, 28].
Additionally, it promotes endothelial cell senescence in
humans through the CD47 and NADPH oxidase 1 (Nox1)
pathways and possesses anti-inflammatory properties
[29]. Interestingly, NOX3, a homolog of NOXI, known
to be specifically expressed in the inner ear at high lev-
els is involved in sensorineural HI due to reactive-oxygen
species induced cellular damage in cochlear sensory epi-
thelium [30]. Recently, single-cell RNA sequence data
has shown differential expression of thbsib, the zebraf-
ish analog of human THBSI, in IHC compared to neu-
romast cell lines between E4 and E7 [31]. Our analysis
also suggests that THBS1 might be important in develop-
ment and maintenance of cochlea and supporting cells.
To support this further, we investigated THBS1 expres-
sion in the mouse inner ear performed using publicly
available datasets [17, 18] via gEAR [16]. Our results also
demonstrate the expression of THBSI in the cochlear
epithelium and supporting cells of mouse from E14 to P7
stages. In addition, this gene was found to be expressed
in the human inner ear atlas and organoids as well. The
expression profile provides meaningful cues to the role
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of THBS1 within the inner ear, and possibly elucidate the
phenotype observed in our families.

For THBSI there is a significantly low rate of missense
and predicted loss-of-function (LoF) variations in the
gnomAD dataset (v4.0.0). The positive Z score of 3.78 and
the o/e (ratio of the observed/expected variants) value
of 0.74 (0.71-0.78) indicates a high intolerance in case
of missense variations. Compared to the 127.3 expected
LoF mutants, only 28 were observed. The pLI (probability
of being loss-of-function intolerant) for THBSI is 1.00,
and the o/e value is 0.22 (0.16—0.3) which indicates that
this gene is highly LoF intolerant [32, 33].

The frameshift variant p.(Ile491Serfs*45) in family 4671
introduces a premature stop codon that is most likely to
terminate the protein at the second beta-sheet after the
first turn and leading to a loss of the heparin-binding
region. This could result in triggering a NMD, apart from
loss of one of the three major residues binding to heparin
through sulfate groups at Arg29, Argd2 and Arg77 prior
to the laminin G-like domain (LG) [34, 35]. Due to the
premature termination of the protein and NMD, we pre-
dict a loss-of-function effect for this variant.

Although the evidence put forward in this study
strongly suggests a role in the auditory system, the pre-
cise mechanisms through which THBSI is involved in
the auditory system remains unclear. Thrombospondin
1 is a multifunctional protein and is known to influence
several signaling pathways, however its specific effect
on the auditory system is unknown and needs further
investigation.

Conclusions

In summary, we have identified THBS1 as a new candi-
date gene for ARNSHI. Hearing-impaired individuals
which segregate a homozygous frameshift variant in this
gene have high-frequency sloping audiogram. THBS1
displays expression in the inner mouse and human ear.
Thbsl knockout mice have been shown to develop an
elevated auditory brainstem response threshold at 12
months. This is the first-time a gene in the thrombos-
pondin family has been linked to human HI. This discov-
ery contributes to a deeper understanding of the genetic
basis of hearing impairment and may help improve
molecular diagnosis.

Abbreviations

THBS1 Thrombospondin 1

HI Hearing impairment

ARNSH]I Autosomal recessive non-syndromic sensorineural Hl
NSHI Non-syndromic HI
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GJB2 Gap Junction Protein, Beta 2

CIB2 Calcium And Integrin-Binding Family Member 2

HGF Hepatocyte Growth Factor

SLC26A4  Solute Carrier Family 26 Member 4
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gnomAD  Genome Aggregation Database
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CNV Copy number variant

gEAR gene Expression Analysis Resource

hPSC Human pluripotent stem cell

NMD Nonsense-mediated decay

TOPMed Trans-Omics for Precision Medicine

IHC Inner hair cells

OHC Outer hair cells

LoF Loss-of-function

NOX1 NADPH oxidase 1

NOX3 NADPH oxidase 3

pLI Probability of being loss-of-function intolerant
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