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Abstract

Objective: Waardenburg syndrome type 2 (WS2) is an autosomal dominant syndrome, char-

acterized by bright blue eyes, hearing loss, and depigmented patches of hair and skin. It exhibits

high phenotypic and genetic heterogeneity. We explored the molecular etiology in a Chinese

family with WS2.

Methods: We recruited a three-generation family with three affected members. Medical history

was obtained from all family members who underwent detailed physical examinations and audi-

ology tests. Genomic DNA was extracted from peripheral blood of each individual, and 139

candidate genes associated with hearing loss were sequenced using Illumina HiSeq 2000 (Illumina

Inc., San Diego, CA, USA) and verified by Sanger sequencing.

Results: Genetic evaluation revealed a novel nonsense heterozygous variant, NM_006941.4:

c.342G>A (p.Trp114Ter) in exon 2 of the SOX10 gene in the three affected patients; no unaf-

fected family member carried the variation. We did not detect the variation in 500 Chinese
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individuals with normal hearing or in 122 unrelated Chinese families with hearing loss, suggesting

that it was specific to our patients.

Conclusions: We identified a novel heterozygous nonsense variation in a family with syndromic

hearing loss and WS2. Our findings expand the pathogenic spectrum and strengthen the clinical

diagnostic role of SOX10 in patients with WS2.
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Introduction

Waardenburg syndrome (WS) is character-

ized by pigmentation abnormalities, includ-
ing depigmented patches of the skin and

hair, vivid blue eyes or heterochromia
iridis, and sensorineural hearing loss.1 It is

an autosomal dominant inherited disorder

involving the neural crest cells and the pro-
cesses of proliferation, survival, migration,

and differentiation.2 Seventy-one percent of

patients with WS have hearing loss and it is
predominantly bilateral and sensorineural.3

The diagnostic criteria for WS recom-
mended by the Waardenburg Association

are as follows: (1) congenital sensorineural

deafness; (2) abnormal distribution of the
pigment in the iris; that is, complete or par-

tial heterochromia iridis; (3) hair hypopig-

mentation, mainly presenting as white
forehead hair; and (4) inner canthus dislo-

cation. The W index is commonly used for
the evaluation of patients with WS. A W

index value >1.95 indicates a diagnosis of

WS type 1 (WS1), which is different from
WS2. (5) First-degree relatives are affected

(parents, siblings, children). The secondary

diagnostic criteria include the following: (1)
hereditary leukoderma; (2) thick and

straight eyebrows; (3) broad nose; (4) alae
nasi dysplasia; and (5) development of gray

hair before the age of 30 years. Patients must
satisfy two main diagnostic criteria or one
main diagnostic criterion plus two second-
ary diagnostic criteria to be diagnosed with
WSl. The diagnosis of the other three types
of WS is made on the basis of the diagnosis
of WSl.4,5 Among the different types, WS1
mainly manifests as abnormalities in the
frontal area; the difference between WS2
and WS1 is that WS2 is not characterized
by an abnormal inner canthal distance.
Currently, the literature reports that WS1
and WS2 are the most common types
observed in the clinical setting; most studies
have shown that WS2 is more common than
WS1, whereas WS3 and WS4 are relatively
rare.6,7 WS2 with Hirschsprung disease is
the criteria for WS4. WS2 can be further
classified into five subtypes according to dif-
ferent pathogenic genes or variations:
WS2A is caused by MITF gene variations
on chromosome 3p13;8 WS2B is caused by
a mutation in chromosome 1p21-p13.3;9

WS2C is caused by mutation in chromo-
some 8p23;10 WS2D is caused by mutation
in chromosome 8q11.21;11 and WS2E is
caused by mutation in the SOX10 gene on
chromosome 22q13.12

Next-generation sequencing is a high-
throughput DNA sequencing technology
that is based on and developed from
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Sanger sequencing. Because of its ability to
survey the whole exome and genome in an

unbiased manner, next-generation sequenc-
ing is well suited to identifying the causative
mutations of hereditary hearing loss. In this

study, we discuss a case of WS2 in a three-
generation Chinese family in which we used

targeted next-generation sequencing of 139
genes related to deafness to discover new
gene mutations that may underlie human

congenital disorders that affect ear
development.

Materials and methods

Ethics statement

This study was approved by the Committee
of Medical Ethics of Lanzhou University

Second Hospital. Written informed consent
was obtained from all participants or their

next of kin on the behalf of the minor or
child participants involved in this study.

Participants

A three-generation Chinese family with syn-
dromic hearing loss (SHL) presented to the
Department of Otolaryngology and Head

and Neck Surgery at Lanzhou University
Second Hospital (Lanzhou, China).

Clinical evaluations were completed by an
otorhinolaryngologist, an ophthalmologist,
and a clinical geneticist, and included oto-

scopic examination, visual reinforcement,
audiometry, tympanometry, acoustic

reflex, pure-tone audiometry or play audi-
ometry, distortion-product evoked otoa-
coustic emissions, auditory brainstem

responses, and auditory steady-state
response. Air conduction (AC) thresholds

were determined bilaterally at octave fre-
quencies of 0.25 to 8.0 kHz. The AC aver-
age thresholds at conversational frequencies

of 0.5, 1, 2, and 4 kHz were measured and
used to define the severity of hearing loss.
Hearing levels were designated subtle (16–

25 dB), mild (26–40 dB), moderate (41–70

dB), severe (71–95 dB), or profound (95

dB).13 The inner canthus, outer canthus,
pupillary distance, and W index were calcu-

lated as follows: X¼ [2 (0.2119Cþ 3.909)]/

C; Y¼ [2A� (0.249Bþ 3.909)]/B; W¼Xþ
Yþ (A/B), where A is the inner canthus, B

is the pupillary distance, C is the outer can-

thus, and X and Y are indices. A value of
W> 2.07 indicates inner canthus disloca-

tion.14,15 High-resolution computed tomog-

raphy (CT) and head magnetic resonance

imaging (MRI) scans were also performed

to verify whether the family members had

complications other than hearing disorders.

Peripheral blood samples

After informed consent was obtained,

blood samples (2mL) were obtained from

members of the whole pedigree, as well as

from 500 healthy control individuals (263

males and 237 females, aged from 18 to 25
years) and 122 unrelated Chinese families

with hearing loss.

Targeted gene capture and high-

throughput sequencing

Genomic DNA from peripheral blood leu-

kocytes of the participants was obtained

using the phenol/chloroform method. The

DNA was quantified using a Nanodrop
2000 spectrophotometer (Thermo Fisher

Scientific, Waltham, MA, USA).

Subsequently, >3 mg of DNA was used to

construct the indexed Illumina libraries

(Illumina Inc., San Diego, CA, USA). A

total of 3 mg of genomic DNA was frag-
mented using a Covaris-S220 ultrasonicator

(Covaris, Woburn, MA, USA). An “A-tail”

was ligated to the 30 end of each DNA frag-

ment, and Illumina adapters were ligated to

the fragments. The target sample size was a

350- to 400-bp product, and the size-
selected product was amplified by PCR as

follows: Initial denaturation of 98�C for 1

Liu et al. 3



minute, 9 cycles of denaturation at 98�C for
20 s, annealing at 65�C for 30 s, extension at
72�C for 30 s, and a final extension of 72�C
for 5 minutes. All samples were checked
with a Nanodrop 2000 or Qubit 4 fluorom-
eter (Thermo Fisher Scientific) to determine
whether they represented a qualifying cap-
tured library. DNA fragments between 350
and 450 bp and the oligonucleotides con-
taining the adapter sequences were selected
for the DNA libraries.16

Sanger sequencing

After filtering against multiple databases,
all PCR amplified products were purified
with a Montage PCR 96 Millipore plate
(Millipore, Billerica, MA, USA), and then
sequenced using an ABI 3730 Sequencer
(Applied Biosystems, Foster City, CA,
USA). The sequence data were analyzed
and compared with reference sequences of
SOX10 (NM_006941.3) using the DNAStar

5.0 (DNAStar, Madison, WI, USA) and

BioEdit (Borland, CA, USA) software

packages.

Results

Clinical phenotype analysis of WS2

patients

Ten individuals from a three-generation

family were included in this study.

Figure 1a shows the relationship and the

incidence of WS2 within the pedigree. The

pedigree included three patients (II-2, III-1,

III-2), with III-2 being the proband, and

seven healthy family members (I-1, I-2, II-

1, II-3, II-4, II-5, and III-3). All three

patients presented with bilateral severe sen-

sorineural deafness (Figure 1b); in addition,

the proband’s mother (II-2) had bilateral

blue irises, and the older sister (III-1) had a

blue left iris. Physical examination of the

Figure 1. Pedigree diagrams (a), audiogram information (b), iris evaluation (c), the temporal computed
tomography (CT) scan (d), and head magnetic resonance imaging (MRI) results (e). Clinical examinations of
the family. (a) Pedigree diagram of the family. Filled symbols represent affected individuals (II: 2, III: 1 and III:
2); empty symbols represent unaffected members; squares and circles represent men and women, respec-
tively, and the arrow denotes the proband (III:2). (b) Audiograms of the affected family members, indicating
bilateral severe sensorineural deafness. The horizontal axis shows tone frequency (Hz); the vertical axis
shows hearing level (dB). (c) Iris evaluation of the affected siblings. The mother (II-2) and the proband (III-2)
presented with bilateral blue irises, and the sister (III-1) had a blue left iris. (d) and (e) Temporal CT scan and
head MRI results of the affected family members, showing no obvious abnormalities.
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three patients showed that binocular vision,

intelligence, digestive system, cardiovascular

system, and nervous system were normal

(Figure 1c). A full medical history showed

that none of the three patients had a history

of ear trauma, otitis media, ototoxic drugs,

or Hirschsprung disease. The temporal CT

scan and head MRI showed no obvious

abnormalities (Figure 1d and 1e).

Targeted high-throughput sequencing

We sequenced all coding exons plus approx-

imately 100 bp of the flanking intronic

sequences of 139 deafness genes in the pro-

band (III-2). The average depth of coverage

for the targeted regions was 110 to 160�,

with >98% of bases having >20� depth of

coverage. One novel heterozygous variant

NM_006941.4: c.342G>A (p.Trp114Ter)

was detected in SOX10. This mutation

involves a base replacement at position 342

of the coding region of SOX10, which results

in a new termination codon that causes early

termination of protein translation. This

mutation has not yet appeared in a large pop-

ulation database and has not been reported

in the literature (Figure 2a). Furthermore, the

NM_006941.4: c.342G>A (p.Trp114Ter)

mutation was located in a highly conserved

region of SOX10 (Figure 2b).

Sanger sequencing

We screened the unaffected family members

(I-1, I-2, II-1, II-3, II-4, II-5, and III-3), 500

Figure 2. Mutation analysis of the family. (a) DNA sequence chromatograms showed a novel nonsense
heterozygous mutation (c.342G>A) in the coding region of exon 2 in the SOX10 gene in II-2, III-1, and III-2.
(b) Protein alignment analysis showed that the Trp residue (W) at position 114 in SOX10 is conserved across
10 species.
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healthy Chinese individuals, and 122 unre-
lated Chinese families with apparent hear-
ing loss, but did not detect this variation.
Based on current evidence, we confirmed
that NM_006941.4: c.342G>A
(p.Trp114Ter) was a pathogenic variation.

Discussion

We analyzed the clinical features and
molecular etiology of three members of a
three-generation Chinese family with WS
and other relevant family members. The
main symptoms of the affected members
of this family (II-2, III-1, III-2) were senso-
rineural deafness and blue irises. All
patients had severe bilateral sensorineural
deafness. The proband (III-2) and her
sister (III-1) received cochlear implants,
and their speech developed well after sur-
gery. The blue irises of the proband (III-2)
showed abnormal pigmentation in a fan
shape. The mother (II-2) had completely
blue irises, whereas the sister (III-1) had a
bright blue iris on the left and a normal iris
on the right (Figure 1c). None of the three
patients had hair or skin pigment changes
or gray hair. According to the main diag-
nostic criteria of WS recommended by the
Waardenburg Association, the family con-
formed to three main diagnostic criteria:
congenital sensorineural deafness; complete
or partial heterochromia iridis; and affected
first-degree relatives. All three patients
showed the same base replacement varia-
tion [NM_006941.4: c.342G>A (p.
Trp114Ter)] at position 342 of the coding
region of SOX10, which was verified by
Sanger sequencing. The unaffected family
members (I-1, I-2, II-1, II-3, II-4, II-5, and
III-3) did not carry this variation, and the
family was diagnosed as having the WS2E
subtype on the basis of genetic typing.

In this study, the inner canthal distances
of the proband (III-2), her elder sister (III-
1), and their mother (II-2) were 2.03, 2.11,
and 1.68 cm, respectively. The current

thought, in reference to similar phenotypic
cases, is based on classifying WS1 and WS2
according to the angular distance.
However, Reynolds et al.17 analyzed clinical
phenotypes in 26 WS1 families and 8 WS2
families and found that the W value gradu-
ally decreases with age in female patients.
They also used statistical analysis to show
that because of genetic heterogeneity, WS
patients with a W value between 1.51 and
2.27 could have type WS2. In our patient’s
family, the proband (III-2) and her sister
(III-1) were 5 and 7 years old, respectively,
which may explain the high W values.

In previous studies, controversy remains
over whether temporal bone CT and head
MRI should be routinely conducted in WS
patients. According to existing reports, the
incidence of temporal bone malformation
in WS patients ranges from 0% to 100%,
with large variability.18 In 2014, a retro-
spective study by Kontorinis et al.19 found
that inner ear malformation was not a main
clinical feature of WS patients. However,
studies have found that all patients with
WS caused by SOX10 gene variations
have inner ear malformations, suggesting
that there is a strong correlation between
SOX10 mutations and inner ear malforma-
tions.18,19 In this family, temporal bone CT
and head MRI examination showed no
obvious abnormalities in the proband
(III-2) (Figure 1d and 1e), and no obvious
middle or inner ear malformations were
found during cochlear implantation.

Because of the high clinical and genetic
heterogeneity of WS, it is difficult to classify
and diagnose the disease clinically. The
three patients in this study had abnormal
W values and SOX10 variations were
detected, but there were no obvious inner
ear deformities or other clinical symptoms
or signs, which reflects the difficulty in clas-
sifying this disease.

In our study, targeted next-
generation sequencing identified a base
substitution at position 342 in SOX10
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[NM_006941.4: c.342G>A (p.Trp114Ter)],
which, in theory, creates a new stop codon
and would be predicted to generate a trun-
cated SOX10 protein. Several nonsense
mutations have been reported downstream
of this location, suggesting that nonsense
mutations are a common pathogenic mech-
anism.20–22 Moreover, the amino acid resi-
due at the corresponding position of the
SRY box protein is highly conserved
among different species.

The American College of Medical
Genetics and Genomics (ACMG) guide-
lines are widely used to interpret the signif-
icance of genetic variants.23 The variant
identified in this family was seen in all
affected family members but not in the con-
trols (PS4). The variant is a nonsense vari-
ant (PVS1) and co-segregates with the
disease in all affected family members
(PP1). Bioinformatic analyses predicts it to
generate a truncated SOX10 protein (PP3).
It located in the highly conserved peptide
sequences of SRY box protein, which are
highly conserved among different ethnici-
ties (PM4). It has not been reported in the
Single Nucleotide Polymorphism Database,
The Human Gene Mutation Database,
1000 Genomes Project, ClinVar, or Exome
Sequencing Project v. 6500 (PM2).
Accordingly, this variant is categorized as
pathogenic.

Conclusions

We identified a novel heterozygous non-
sense variant, NM_006941.4: c.342G>A
(p.Trp114Ter), in a family with autosomal
dominant syndromic hearing loss with
WS2. Our findings expand the pathogenic
spectrum and strengthen the clinical diag-
nostic role of the SOX10 gene in patients
with WS2.
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