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Hereditary hearing loss is one of the most common sensory disabilities worldwide. Mutation of POU domain class 4 transcription
factor 3 (POU4F3) is considered the pathogenic cause of autosomal dominant nonsyndromic hearing loss (ADNSHL), designated
as autosomal dominant nonsyndromic deafness 15. In this study, four novel variants in POU4F3, c.696G>T (p.Glu232Asp),
¢.325C>T (p.His109Tyr), c.635T>C (p.Leu212Pro), and c.183delG (p.Ala62Argfs=22), were identified in four different Chinese
families with ADNSHL by targeted next-generation sequencing and Sanger sequencing. Based on the American College of
Medical Genetics and Genomics guidelines, c.183delG (p.Ala62Argfs#22) is classified as a pathogenic variant, c.696G>T
(p.Glu232Asp) and c.635T>C (p.Leu212Pro) are classified as likely pathogenic variants, and ¢.325C>T (p.His109Tyr) is
classified as a variant of uncertain significance. Based on previous reports and the results of this study, we speculated that
POU4F3 pathogenic variants are significant contributors to ADNSHL in the East Asian population. Therefore, screening of

POU4F3 should be a routine examination for the diagnosis of hereditary hearing loss.

1. Introduction

Hearing loss is one of the most common hereditary sensory
disabilities worldwide [1]. Hair cells (HCs) in the inner ear
are critical for hearing ability. HCs transfer the mechanical
vibration into an acoustic electrical signal, which can then
be transmitted to the auditory cortex via spiral ganglion neu-
rons (SGNs) [2]. The causes of deafness are complex, and
most of the hearing loss is due to irreversible HCs loss. HCs
are very sensitive and vulnerable to many stresses and dam-
age, which can be divided mainly into genetic factors, envi-
ronmental factors, ototoxic drugs, aging, inflammation, and
other unknown etiologies [3-5]. Among all these factors, it

is estimated that genetic factors account for more than 50%
of the causes of deafness [6]. Hereditary hearing loss can be
classified as syndromic hearing loss or nonsyndromic hear-
ing loss (NSHL) according to whether the patient has other
symptoms or signs, and these account for 30% and 70% of
cases of hearing loss, respectively [7]. NSHL can be further
divided into three categories according to the mode of inher-
itance: autosomal dominant nonsyndromic hearing loss
(ADNSHL), autosomal recessive nonsyndromic hearing loss,
and X-linked nonsyndromic hearing loss. ADNSHL accounts
for 15% of cases of NSHL [8]. One of the most significant
characteristics of hereditary hearing loss is a high degree of
heterogeneity. To date, 49 genes related to ADNSHL,
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FIGURE 1: Pedigree, temporal bone CT, variant analysis, and audiogram of family A. (a) Affected subjects are denoted in black. Arrow shows
the proband. (b) Temporal bone CT of the III:3 shows no structural change. (c¢) Chromatogram shows POU4F3 heterozygous c.696G>T
detected in patients. (d) Audiograms of the affected subjects. Hearing loss appears to be highly heterogeneous (red: right ear; blue: left ear).

including POU domain class 4 transcription factor 3
(POU4F3) and approximately 70 other loci, have been
reported (http://hereditaryhearingloss.org/).

The POU4F3 gene encodes POU4F3, a POU-domain
class IV protein, has two exons, and encodes a protein of
338 amino acids that belongs to the POU-domain family of
transcription factors, which are expressed specifically in
inner ear hair cells and play a critical role in the maturation,
differentiation, and maintenance of inner ear hair cells [9,
10]. POU4F3 contains two conserved DNA-binding domains
(a POU-specific domain and a POU homeodomain), which
are the main functional parts [10].

In 1998, POU4F3 was first described as a disease-causing
gene within the DFNA15 locus in an Israeli Jewish family
[11]. To date, 32 variants (including those in this study) and
whole-gene deletion of POU4F3 have been reported to cause
ADNSHL with variable ages of onset and degrees of severity
in various ethnic groups, including Chinese, Japanese, Dutch,
Korean, and Brazilian populations [12-24]. In 2017, Kitano
et al. reported that POU4F3 variants represent the third largest
cause of ADNSHL (2.5%, 15/602) in Japan and the most
prevalent configuration as midfrequency hearing loss type
followed by high-frequency hearing loss [14]. He et al.
reported that the POU4F3 pathogenic variant is a relatively
common (3/18) cause of ADNSHL among Chinese Hans
[15]. Therefore, impairment of hair cells in the cochlea caused
by pathogenic variants of POU4F3 has been considered as one
of the major causes of sensorineural hearing loss [14].

In this study, we identified four novel variants using tar-
geted next-generation sequencing (NGS) of a panel of 168
deafness genes from four different Chinese families suffering
from ADNSHL. Among the four novel variants, three are
missense variants, c.696G>T (p.Glu232Asp) detected in fam-
ily A, ¢.325C>T (p.His109Tyr) in family B, and c.635T>C
(p.Leu212Pro) in family C, and the fourth is a frameshift var-
iant, c.183delG (p.Ala62Argfs*22), which was identified in
family D. Hearing loss in the four families analyzed in this
study showed a high degree of variability, even in patients
carrying the same variant within one family.

2. Materials and Methods

2.1. Subjects. Probands suffering from ADNSHL in the four
families were recruited from the Chinese PLA General Hos-
pital. The pedigrees of these four families are shown in
Figures 1-4(a) In addition to the probands, three additional
members of family A (II:3, I:5, and III:2), six additional
members of family B (L:1, I:2, II:1, II:2, II:3, and IL:4), five
additional members of family C (II:1, II:2, II:5, III:6, and
III:9), and four additional members of family D (IL:1, IL:3,
I1:6, and III:1) were recruited from our hospital. All of the
subjects or their guardians provided written informed con-
sent to participate in the study. This study was approved by
the Ethics Research Committee of the Chinese PLA General
Hospital.
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FIGURE 2: Pedigree, temporal bone CT, variant analysis, and audiogram of family B. (a) Affected subjects are denoted in black. Arrow shows
the proband. (b) Temporal bone CT of the III:1 shows no structural change. (c) Chromatogram shows POU4F3 heterozygous ¢.325C>T
detected in patients. (d) Audiograms of the affected subjects. Hearing loss appears to involve high frequency (red: right ear; blue: left ear).

2.2. Clinical Information and Examination. Clinical informa-
tion was obtained via multiple interviews with the subjects.
Medical history was obtained using a questionnaire that elic-
ited responses regarding the symmetry of hearing loss, sub-
jective degree of hearing loss, use of hearing aids, age at
onset, evolution, presence of tinnitus, noise exposure, medi-
cations, trauma history, and other relevant clinical manifes-
tations. The subjects all received clinical examinations at
the Department of Otorhinolaryngology, which included
otoscopy, physical examination, pure tone audiometric
examination (at frequencies from 125 to 8000 Hz), computed
tomography scans of the temporal bone, and acoustic immit-
tance testing. The tandem gait test was performed to evaluate
the balance. The diagnosis of sensorineural hearing loss was
made according to the WHO criteria based on audiometric
examination performed as described previously (the methods
description partly reproduces our wording) [12]. Tandem
gait and Romberg tests were performed to evaluate balance.

2.3. Variant Analysis. DNA was extracted from peripheral
blood samples from all subjects using a blood DNA extrac-
tion kit (TTANGEN, Beijing, China), according to the manu-
facturer’s instructions.

The most prevalent genes related to hearing loss, includ-
ing GJB2, SLC26A4, and mtDNA12SrRNA, were screened in
all of the probands and Chinese controls. The probands
and some of the additional family members were examined
using a gene panel containing 168 genes related to deafness
(Supplementary Table 1). Capture sequencing and NGS of
the coding exons of the 168 deafness-related genes and

their flanking 100 bp were performed on the Illumina HiSeq
2000 (Illumina, San Diego, CA, USA) using the MyGenostics
gene enrichment system (MyGenostics, Boston, MA, USA).

The methods for DNA library preparation, amplification,
capture, detection, sequencing, and bioinformatics analyses
were described previously [12]. Nonsynonymous variants
were further evaluated for candidate pathogenic variants.
Variants were annotated by ANNOVAR; compared with
multiple databases including gnomAD, dbSNP, and ExAC;
and were predicted by the computational programs SIFT,
PolyPhen-2, and MutationTaster. Potential pathogenic
variants were filtered using a minimum allele frequency
threshold < 0.001 for dominant inheritance [25]. As POU4F3
has an autosomal dominant inheritance pattern, only hetero-
zygous subjects were selected.

Manual classification of those variants was conducted
based on American College of Medical Genetics and Geno-
mics (ACMG)/Association for Molecular Pathology (AMP)
guidelines for genetic hearing loss [26]. Sanger sequencing
was performed in members of the four families, and the can-
didate variant of each family was cosegregated with the hear-
ing loss phenotype.

3. Results

3.1. Families and Clinical Characteristics. The pedigrees of
the four families showed autosomal dominant inheritance
patterns (Figures 1-4(a)). High-resolution CT's of the tempo-
ral bone in probands of four families were normal, excluding
middle- and inner-ear malformations (Figures 1-4(b)). The
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FIGURE 3: Pedigree, temporal bone CT, variant analysis, and audiogram of family C. (a) Affected subjects are denoted in black. Arrow shows
the proband. (b) Temporal bone CT of the IV:2 shows no structural change. (c) Chromatogram shows POU4F3 heterozygous c.635T>C
detected in patients. (d) Audiograms of the affected subjects. Audiogram configuration of IV:2 was U-shaped. Downsloping audiogram
configurations were observed in III:6 and II:4 (red: right ear; blue: left ear).

hearing impairments in these four families were sensorineu-
ral, postlingual, late onset, and progressive. Audiograms of
some affected members of these four families are shown in
Figures 1-4(d).

Family A was a three-generation Chinese family with
ADNSHL and included eight affected patients (Figure 1).
The ages at onset of the subjects ranged from 7 to 22 years
old. The audiogram of the 20-year-old proband (III:3) with
an onset age of 13 years showed all-frequency moderate hear-
ing loss. The audiogram of II:3 showed profound hearing
loss; interestingly, this subject had an onset age of 7 years
old, which was the earliest in this family. The audiogram of
II:5 showed a moderate level of hearing loss.

Family B was a three-generation Chinese family with
ADNSHL and included four affected patients (Figure 2).
The audiograms had a downsloping shape. The hearing loss
in family B involved mostly high frequencies. The proband
(II:1) was 7 years old with symmetric hearing loss, and the
audiogram showed mild hearing impairment; thus, the pro-
band could communicate with others normally. This family
included one set of affected identical twin sisters (II:1 and
I1:2) who had similar audiograms but different hearing
thresholds. Comparison of the audiograms of the proband
and 53-year-old I:1 showed that although the hearing impair-

ment had progressed over time, the progression was slight in
the affected individual I:1 and involved mainly high
frequencies.

Family C was a four-generation Chinese family with
ADNSHL and included eight affected patients (Figure 3).
The audiogram of proband (IV:2) was asymmetric, and hear-
ing loss involved mainly middle frequencies. Hearing impair-
ment in family C was postlingual, with onset in the first or
second decade of life and progression to profound deafness
with advancing age. The onset age of the proband was 15
years, and hearing loss was progressive. There was no history
of hearing aid use or artificial cochlear implants in the pro-
band. With regard to other auditory symptoms, the proband
had complained of tinnitus. Audiograms showed that
although low-frequency and high-frequency hearing were
normal in the beginning, hearing ultimately deteriorated at
all frequencies in the order of middle, high, and low frequen-
cies. Downsloping audiogram configurations were observed
in two subjects, who were 46 (II1:6) and 69 (II:4) years old,
whereas the audiogram of IV:2 was U-shaped (Figure 3(d)).
Audiograms were unavailable for the other affected subjects.

Family D was a four-generation Chinese family with
ADNSHL and included five affected patients (Figure 4).
The audiogram of the proband (II:2) had a downsloping
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FIGURE 4: Pedigree, temporal bone CT, variant analysis, and audiogram of family D. (a) Affected subjects are denoted in black. Arrow shows
the proband. (b) Temporal bone CT of the III:2 shows no structural change. (c) Chromatogram shows POU4F3 heterozygous c.183delG
detected in patients. (d) Audiograms of the affected subjects (red: right ear; blue: left ear).

shape. The hearing impairment of the proband was moder-
ate. The proband had a history of using hearing aids, but
the effect was unsatisfactory. With regard to other auditory-
related symptoms, individual II:1 and the proband com-
plained of tinnitus.

3.2. Variant Identification. According to the autosomal dom-
inant pattern of inheritance, only variants that were hetero-
zygous in the affected siblings were selected as candidates.
Four novel variants were identified using targeted NGS of
168 known deafness-related genes in the four different
ADNSHL Chinese families. Among the four novel variants,
three were missense variants: c.696G>T (p.Glu232Asp)
detected in family A, ¢.325C>T (p.His109Tyr) in family B,
and c.635T>C (p.Leu212Pro) in family C. The fourth variant
was a frameshift variant, c.183delG (p.Ala62Argfs*22),
which was identified in family D. Sanger sequencing was per-
formed in the other participating family members from these
four families, which confirmed that these variants cosegre-
gated with the hearing phenotypes (Figures 1-4(c)). The four
variants have not been reported in previous studies and were
not detected in 481 Chinese controls with normal hearing.
The variants ¢.696G>T (p.Glu232Asp), c.635T>C (p.Leu212-
Pro), and c.183delG (p.Ala62Argfs+22) are not present in the
gnomAD or ExAC database, and ¢.325C>T (p.His109Tyr)
has an allele frequency of 0.0001 in both gnomAD (Asian)

and ExAC (Asian). The localizations of the four novel vari-
ants are shown in Figure 5(a). Conservation analysis was per-
formed in the three families with missense variants
(Figure 5(b)) and showed that the three variants are con-
served among 11 species. Finally, the four novel variants were
predicted to be deleterious by SIFT, Polyphen2, and CADD
software. According to the American College of Medical
Genetics and Genomics/Association for Molecular Pathology
guidelines for genetic hearing loss [26, 27], c.696G>T
(p.Glu232Asp) is classified as a likely pathogenic variant
(PM1+PM2+PM5+PP1+PP3), ¢.325C>T (p.His109Tyr) is
classified as a variant of uncertain significance (PP1),
c.635T>C (p.Leu212Pro) is classified as a likely pathogenic
variant (PM1+PM2+PP1+PP3), whereas c.183delG (p.
Ala62Argfs+22) is classified as a pathogenic variant (PVS1
+PM2+ PP1) (Table 1).

4. Discussion

In mammals’ cochlea, HCs are the key cell type for hearing
function, which convert the mechanical vibrations into elec-
tronic neural signals [9]. HCs are sensitive to multiple
stresses and injuries and are easy to damage. While a mam-
mal’s cochlea only has very limited HC regeneration ability,
most of the HC damage is permanent and irreversible [28-
34]. Genetic factor accounts for 50% of sensorineural hearing
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FIGURE 5: Protein structure of POU4F3 and conservation analysis. (a) Domain structure of POU4F3 showing the localization of four variants
identified in this study. (b) Protein alignment showing that POU4F3 p.His109Tyr, p.Leu212Pro, and p.Glu232Asp all occur at evolutionarily

conserved amino acids (shown by the red triangle) across 10 species.

loss. A genetic diagnosis is valuable for providing essential
prognostic information needed for deciding optimal treat-
ment/rehabilitation options and for genetic counseling [35].
Molecular epidemiological studies have found several com-
mon deafness genes in Chinese deafness population, such
as GJB2, SLC26A4, and mtDNAI12SrRNA [36]. However,
genetic variants responsible for a large number of cases of
hereditary hearing loss remain unknown. Next-generation
sequencing has greatly increased the efficiency in screening
known deafness genes for diagnostic purposes and in identi-
fying new deafness genes [37-40].

In this study, we identified four novel variants in the
POU4F3 gene, three missense variants, and one frameshift
variant, which led to sensorineural hearing loss in four differ-
ent Chinese families. The variabilities in onset age and severity
of hearing loss in these four families demonstrated the hetero-
geneity of these variants both interfamilial and intrafamilial.

In 1998, POU4F3 was first discovered in an Israeli Jewish
family. The results of a linkage analysis identified it as a novel
independent locus for hearing loss, and the gene was desig-
nated as autosomal dominant nonsyndromic deafness 15
(DENAL15) [11]. The clinical presentation of DFNA15 is a
form of progressive nonsyndromic sensorineural hearing loss
with postlingual onset [13, 41]. In the present study, the ear-
liest recorded age of hearing loss onset in affected individuals
was 7 years old (III:1, family B). Among the 32 variants, 28
were reported in East Asian populations (13 in Japan, 12 in
China, and 3 in Korea), and only 4 variants (2 in Nether-
lands, 1 in Israel, and 1 in Brazil) were reported from other
areas, indicating that the POU4F3 pathogenic variant is an
important contributor to ADNSHL, especially in East Asian
populations (Table 2). In summary, the variant of POU4F3
is relatively common, especially in East Asian populations.

Therefore, screening of POU4F3 should be a routine exami-
nation for the diagnosis of hereditary hearing loss. POU4F3
contains only two exons, making it convenient for screening.

Hearing impairment involves mainly the middle fre-
quency range (1000-2000 Hz) in a low percentage of cases
of hereditary hearing loss. Kitano et al. reported that
POU4F3-associated hearing loss usually presents with mid-
dle- or high-frequency hearing loss [14]. In 2018, we reported
a family with middle-frequency hearing loss associated with
POU4F3 c.602T>C (p.Leu201Pro) [12]. In this study, the
proband in family C presented with typical middle-
frequency hearing loss, and the older patients showed down-
sloping audiograms and mainly middle- and high-frequency
hearing loss. In accordance with our previous report, we pro-
posed that the affected frequencies of certain types of
POU4F3-associated hearing loss were in the order of middle
(U-shaped audiogram), high (downsloping audiogram), and
low frequencies (flatter audiogram). Accordingly, the differ-
ent forms of auditory configuration represented different dis-
ease phases.

POU4F3 belongs to a family of proteins characterized by
a well-conserved bipartite domain [42]. The bipartite domain
is comprised of a POU-specific domain (amino acids 179-
256) and a POU homeodomain (amino acids 274-333) sepa-
rated by a linker [43]. These two domains are responsible for
the main functions of POU4F3.

However, the specific mechanisms underlying sensori-
neural hearing loss caused by the POU4F3 variant have
remained unclear to date. Several previous studies have
shown that although the wild-type POU4F3 is localized
almost exclusively in the nucleus, the mutant protein is also
present in both the cytoplasm and the nucleus. Cytoplasmic
localization of transcription factors obviously affects their
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ability to activate downstream targets. Mutant proteins
showed greatly reduced capability for binding to DNA as well
as transcriptionally activating reporter gene expression [10,
16, 20, 21, 23]. One possible mechanism is that the variant
in the POU homeodomain of POU4F3 leads to a prematurely
truncated protein with loss of the second and third helices,
and the third helix is crucial for high-affinity binding to
DNA; thus, the target gene cannot be induced, leading to
impairment of inner ear hair cells [11].

Further studies showed that POU4F3 contains two nuclear
localization signals (NLSs): a monopartite NLS (amino acids
274-278) and bipartite NLS (amino acids 314-331) [10].
NLS is crucial for the trafficking of cytoplasmic proteins into
the nucleus. Variant of POU4F3 results in the absence of these
two NLSs, which leads to subcellular protein mislocalization.
The normal wild-type protein is localized mainly in the
nucleus [44]. However, transient transfection studies revealed
that NLS-mutated POU4F3 proteins are localized mainly in
the cytoplasm, most likely due to the absence of the NLSs.
As POU4F3 proteins are transcription factors, their function
requires their entry into the nucleus and binding to DNA. In
addition, the mutated POU4F3 proteins have longer half-
lives and much lower levels of transcriptional activity than
those of the wild-type protein [11].

Although mice require only one copy of the functional
POUA4F3 to retain hearing [45, 46], several previous studies
supported that haploinsufficiency is the most likely molecu-
lar mechanism underlying the hearing loss caused by the
POU4F3 variant [13, 23, 24]. Heterozygous deletion of the
entire POU4F3 has been reported in a Brazilian family with
ADNSHL [13]. Another study identified an ADNSHL-
associated POU4F3 heterozygous frameshift variant
¢.1007delC (p.Ala336fs:), which would produce a transcript
without an in-frame stop codon, and presumably, the non-
stop mRNA might be degraded through nonstop decay
[24]. Both variants cause the loss of one copy of POU4F3,
indicating the mechanism of haploinsufficiency [47]. Also,
the subcellular protein mislocalization of mutant POU4F3
shown in Lin et al. and other studies support the mechanism
of haploinsufficiency [10, 16, 20]. ExAC pLI score of POU4F3
is 0.721 which is not an indication for extreme loss of func-
tion intolerance. In addition, studies showed that the path-
ways downstream of POU4F3 play crucial roles in the
maintenance of inner ear hair cells, which also provides
insight into the mechanisms underlying POU4F3 mutation-
induced hearing loss. A study performed in 2004 showed that
the degeneration of outer hair cells caused by the POU4F3
variant was mainly or entirely the result of inhibited expres-
sion of growth factor independence 1 (Gfil), which is one of
the target genes of POU4F3 [46]. Gfil not only plays a late
role in the differentiation and maintenance of hair cells but
also promotes the formation of hair cells in cooperation with
atonal BHLH transcription factor 1 (Atohl) [48]. In addi-
tion, another study showed that Atohl is upstream of
POU4F3 and Gfil [49]. Thus, regulation of Atohl will affect
the expression of Gfil, and both Atohl and POU4F3 are
required for maintenance of Gfil expression [50]. Another
possible mechanism is that the variant of POU4F3 inhibits
the expression of myosin VI, which plays a large role in the

maintenance of stereocilia of hair cells that are responsible
for auditory transduction [51]. Tornari et al. reported that
the orphan thyroid nuclear receptor Nr2f2, which is related
to the development and survival of hair cells, is a target of
POU4F3 [52]. Although several downstream pathways and
probable mechanisms have been reported, further studies
are required to explore the mechanisms related to POU4F3.

In this study, we identified four novel variants in POU4F3
(three missense variants and one frameshift variant) involved
in hearing loss. The missense variant ¢.696G>T
(p-Glu232Asp), detected in family A, is located in the POU-
specific domain, and a different missense variant at the same
locus, c.694G>A (p.Glu232Lys), has been reported previ-
ously [22]. The missense variant c.696G>T (p.Glu232Asp)
in POU4F3 leads to substitution of the glutamate at position
232 with an aspartic acid, which probably alters the structure
of the a-helix of the POU-specific domain. The structural
changes in the helix might affect the DNA-binding ability,
what was probably responsible for the hearing loss in this fam-
ily. The missense variant found in family C, c.635C>T
(p-Leu212Pro), is also localized in the POU-specific domain,
and it is possible that the mechanism of action is likely the
same as described above. The missense variant observed in
family B, ¢.325C>T (p.His109Tyr), is located in the transcrip-
tional activation domain, which is not a functional domain,
and this is likely why the hearing impairment in this family
was mild. This variant is heterozygous in 0.016% (3/18,385
alleles) of East Asians, according to the gnomAD database.
We speculate that its detection in the public database is due
to the mild hearing loss associated with this variant. The
frameshift variant, ¢.183delG (p.Ala62Argfs*22), identified
in family D results in a truncated protein with loss of both
functional domains crucial for high-affinity binding to DNA.

5. Conclusions

In summary, four novel variants in POU4F3 were identified in
four different families. These consisted of three missense var-
iants, ¢.696G>T (p.Glu232Asp), ¢.325C>T (p.His109Tyr),
and c.635C>T (p.Leu212Pro), and one frameshift variant,
¢.183delG (p.Ala62Argfs=22). These variants of POU4F3 are
considered to be responsible for ADNSHL, designated as
DFNAL15. POU4F3 variants are not rare, and therefore, screen-
ing of POU4F3 should be included in routine examinations for
diagnosis of ADNSHL. Further studies are required to deter-
mine the specific mechanisms underlying hearing loss.
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